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É muito comum encontrar um comportamento de controlo postural fora do normal após um
acidente vascular cerebral (AVC) associado a uma perda do movimento dos membros superi-
ores. No entanto, a análise e caracterização movimento funcional dos membros superiores não
tem recebido tanta atenção de investigadores nas últimas décadas, comparando com outras áreas,
nomeadamente com a análise da marcha.
Como os pacientes pós-AVC tornam-se incapazes de realizar tarefas diárias como por exem-
plo, alcançar determinados objectos, o desenvolvimento de dispositivos e processos que permitam
uma avaliação mais rápida e eficiente sobre o estado de cada paciente é de extrema importância.
Tal avaliação permitiria aplicar estratégias de reabilitação, sem a presença de um terapeuta e mel-
horar significativamente a reabilitação. Os sinais biomédicos, tais como sinais de mioelétricos,
são de extrema importância tanto no estudo de certos aspectos biomecânicos e neurológicos do
movimento humano como no domínio da investigação da reabilitação.
Propõe-se uma metodologia para avaliar o momento da ação motora dos membros superi-
ores num conjunto de tarefas (funcionais e não funcionais). Para isto, foi implementada uma
montagem experimental para a execução das tarefas simultaneamente com a aquisição dos dados
eletromiográficos e cinemáticos. O objectivo era extrair dados para testar se a análise temporal dos
dados cinemáticos e EMG pode ser utilizada como um parâmetro de quantificação para estágios
de recuperação do controlo motor.
Desta forma, seria possível auxiliar na avaliação da condição do paciente, no diagnóstico e na
respectiva intervenção, a fim de não só reabilitar o membro com lesão mas também evitar movi-
mentos de compensação possivelmente prejudiciais. O objetivo deste estudo é desenvolver um
método baseado na análise de movimento e do sinal EMG para descrever e comparar o movi-
mento de participantes sem patologia com os participantes em recuperação de acidente vascular
cerebral.
Como conclusão, existem muitas ferramentas que os terapeutas podem usar para fazer o seu
diagnóstico com as variáveis extraídas e parâmetros calculados nesta interface, tais como gráficos,
tabelas e análise estatística. No final, cabe ao especialista escolher o mais adequado, reunindo to-
dos esses dados será possível estabelecer uma comparação com os padrões normais, e desenvolver




It is highly common to find an atypical postural control behavior after a stroke associated with
the loss of upper-limb movement. However, upper limb movement characterization and functional
analysis has not received the researchers attention, in the past decades, as much as gait analysis.
As post-stroke patients become unable to perform daily tasks like reaching, the development
of devices and methods that allow a more rapid and efficient evaluation of the condition of each
patient is extremely important. Such evaluation would enable applying rehabilitation strategies
without the presence of a therapist and significantly improve rehabilitation outcomes. Biomedical
signals, such as myoelectric signals, are an impressive topic to study biomechanical and neurolog-
ical aspects of human movement and in the research field of rehabilitation.
It is proposed a methodology to assess the timing of upper-limb motor action in a set of tasks
(functional and non-functional). In order to do so, it was designed an experimental setup defining
a workspace for the execution of the action and recorded electromyographic and kinematic data.
The objective was always to extract data to test if the temporal analysis of kinematic data can be
used as a quantification parameter for motor rehabilitation stages and methods.
In that way, it would be possible to assist in the assessment of the patient’s condition, in the
diagnosis and in the respective intervention in order to rehabilitate not only the ipsilesional limb
but also avoid possibly harmful compensatory movements. The aim of this study was to develop
a method based on concurrent motion analysis and EMG signal analysis to describe and compare
the movement of participants without pathology with participants in stroke recovery.
As a conclusion, there are many tools that therapists can use to make his diagnosis with the
extracted variables and parameters calculated in this interface, such as graphs, tables and statistical
analysis. In the end, it is for the expert to choose the most suitable, gathering all this data will
be possible to establish a comparison with normal standards, and develop a more appropriate
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1.1 Context and motivation
As society is becoming older, it is increasing the occurrence of some diseases; stroke is a
widespread, serious and disabling global health-care problem. Besides being the second or third
cause of death in most countries (Langhorne et al., 2011), stroke patients often retain severe neuro-
logical impairments affecting motor function. Among these patients, about 80% will retain some
grasping deficits linked to upper limb impairments (Kandel et al., 2012). It is estimated that is
in the fifteen leading conditions that cause functional disabilities in the United States affecting an
estimated million people (Roger et al., 2012).
In fact, disabilities were defined as difficulty with activities of daily living or instrumental
activities of daily living, specific functional limitations (except vision, hearing, or speech), and
limitation in ability to do housework or work at a job or business. Therefore, hemiplegia created
by stroke is becoming a serious problem and paid more and more attentions by people (Kandel
et al., 2012) and significant developments have been made in the medical management of stroke,
without a widely applicable or effective medical treatment, as well as rehabilitation interventions.
Recovery is a complex process that has to occur through a combination of spontaneous and
learning-dependent processes, including restitution (restoring the functionality of damaged neural
tissue), substitution (reorganization of partly-spared neural pathways to relearn lost functions),
and compensation (improvement of the disparity between the impaired skills of a patient and the
demands of their environment) (Langhorne et al., 2011).
In some cases, outcome of rehabilitation is normally poor in patients who are initially very
severely disabled. Most of them stay still severely or very severely disabled after completed reha-
bilitation (Jørgensen et al., 1995).
It is important to have the knowledge about the prognosis for outcome in terms of basic ac-
tivities of daily living so it can guide realistic goal-setting and enable early discharge planning,
designing future trials in stroke rehabilitation (Veerbeek et al., 2011).
In essence, the understanding and assessment of movements of the upper extremities need the
transfer of procedures, knowledge and expertise gained from gait analyses. Applications in the
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occupational or ergonomic context, in sports, and in daily life situations will be a challenge to
biomechanics research while the clinical applications may increase the complexity of the move-
ment as well as its difficulties of detection and interpretation (Rau et al., 2000).
In this context, Electromyography (EMG) has been extensively used to determine muscle
activation patterns of neuromuscular functions such as motor control, posture, and movement
(Stylianou et al., 2003). This EMG patterns will contribute essentially to understand the situation,
and it may be extremely helpful for planning operations and interventions, while it may clarify
why that physiotherapy does not improve the spasticity of the movements.
One important application of surface EMG is the precise detection of motor events. Re-
searchers have been focusing on the detection of onset and offset times of a muscle contraction by
processing surface EMG signals. The precise onset detection of muscle activity, giving the time
order of muscle activity, provides more information in postural adjustments (Li and Aruin, 2005).
Due to the stochastic characteristics of the surface EMG, onset detection is a very challenging
task, especially when surface EMG response is weak (Li and Aruin, 2005). There is no standard
method to determine these parameters, but some computerized techniques for the determination of
the onset of muscle activity have been implemented, though their performance varies considerably
(Stylianou et al., 2003).
1.2 Objectives
The aim of this thesis is to develop a method to evaluate motor performance in different func-
tional tasks. After evaluating methods of EMG processing in temporal and frequency analysis
in several studies to an accurate identification of discrete events in the sEMG, as the on and off
timing activation and duration of the EMG burst, it will be possible to describe and compare the
movement of participants without pathology with participants in stroke recovery, with the use of
data obtained combining motion analysis with EMG sensors.
As the specific objectives to achieve this purpose it was defined: to understand the basic prin-
ciples of any common EMG processing; to evaluate methods of EMG processing in temporal and
frequency analysis in several studies to an accurate identification of discrete events; and and last,
to implement an automatic method to detect muscular activation timing.
1.3 Main contributions
The characterization of upper limb movement has not received much attention from researchers
compared with gait analysis. However, in the case of post-stroke patients is extremely important
the development of devices that allow a faster and more efficient evaluation of the condition of
each patient, which enable it to evolve rehabilitation strategies without the presence of a therapist.
In that way, it is possible to know the diagnosis, evaluation and their respective intervention in
order to rehabilitate the ipsilesional limb.
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The data acquired for this work were provided by LABIOMEP (Porto Biomechanics Labo-
ratory), where the protocols were performed. This project was inserted in part in other project,
funded by the support Fundação Bial, Grant 77/12.
In the context of this work, the project ULNAR - Upper Limb fuNctional Assessment and Re-
habilitation: tools and methods was submitted in International Society of Electrophysiology and
Kinesiology (ISEK) Congress 2016 in Chicago Abstract and it was accepted as a poster presenter.
1.4 Structure
This report is divided into eight chapters. The work report initiates with a general introduction,
in chapter 1, in which are included the contextualization and motivation for this work as well as
its objectives and contributions. Then, it is divided in three parts.
The first one, where it is done a summary in the literature review. The Chapter 2 contains a
brief overview of cerebral stroke. Chapter 3 presents relevant literature of electromyography and
motion and its use in loss upper-limb function area; it was made a resume of methods present in
bibliography to process EMG and temporal analysis.
In part two, it is described all methodological considerations to complete the studies. Chapter
4 and chapter 5 contains the experimental procedures for signal acquisitions and the processing
electromyography, respectively.
Part three comprises the developed work. In Chapter 6, it is illustrated a pilot experiment and
a comparison of two case studies, where it was used an implemented interface characterized in
chapter 7.








An Overview on Cerebral Stroke
2.1 Stroke
2.1.1 Brief history and definition
The word “stroke” was first introduced by William Cole in A Physico-Medical Essay Concern-
ing the Late Frequencies of Apoplexies (Cole et al., 1869). Previously, nontraumatic brain injuries
were described as “apoplexy”, term used by Hippocrates (Adams, 1849).
It was difficult to reach a consensus of a definition due to the lack of information about the
brain. However, it has been suffering a huge progress during the past 200 years; that, allied
with the increasing of vascular diseases of the brain specialists during the past 50 years and the
improvement of image devices during the past 25 years, allowed clinical and imaging findings in
patients with cerebrovascular diseases (Sacco et al., 2013).
Nowadays, according to World Health Organization, a stroke «is caused by the interruption of
the blood supply to the brain, usually because a blood vessel bursts or is blocked by a clot. This
cuts off the supply of oxygen and nutrients, causing damage to the brain tissue» (WHO, 2010).
Or as another definition of stroke found: it is «a syndrome of rapidly developing clinical signs
of focal (or global) disturbance of cerebral function, with symptoms lasting 24 hours or longer or
leading to death, with no apparent cause other than of vascular origin» (Aho et al., 1980), (Wolfe,
2000).
2.1.2 Stroke statistics
Stroke has an impact not only in media but also in patient and carer services and investigation,
which brings a socio-economic impact considerable world-wide (Wolfe, 2000).
The overall incidence rate of stroke is around 2-2.5 per thousand population (Wolfe, 2000). In
United States, each year, about 795,000 people suffer a stroke (Go et al., 2014), which means, on
average, a stroke occurs every 40 seconds. Almost one in four men and nearly one in five women,
aged 45 years, it is expected to experience a stroke if they live to their 85th year.
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In 2010, the worldwide prevalence of stroke was 33 million, with 16.9 million people having
a first stroke (Go et al., 2014) and it is estimated that by 2023 the number of patients experiencing
their first stroke will increase about 30% compared with 1983 (Wolfe, 2000).
There are around 4.5 million deaths a year from stroke in the world and over 9 million stroke
survivors (Wolfe, 2000). About 40 percent of stroke deaths occur in males, and 60 percent in
females (Go et al., 2014).
2.1.3 The disease
There are two main types of stroke. If it was caused by a clot that obstructs the blood flow to
the brain, it is normally called an ischemic stroke. On the other hand, if it was caused by a rupture
of a blood vessel avoiding blood flow to the brain, it is called a hemorrhagic stroke (Tani et al.,
2013).
The brain is an extremely complex organ that controls various body functions. If blood flow
cannot reach the region that controls a particular body function, that part of the body will not work
as it should. The specific abilities that will be lost or affected by stroke depend on how severely
is the brain damage and most importantly on which part of the brain the stroke occurred (WHO,
2010).
As one side of the brain controls the opposite side of the body, a stroke in the right hemisphere
often causes paralysis in the left side of the body (left hemiplegia). Survivors of right-hemisphere
strokes may have problems with their spatial and perceptual abilities (Di Loreto and Gouaich,
2011), vision impairments, inquisitive behavioral style, memory loss (AHA and ASA, 2012). This
leads them to misjudge distances or be unable to pick up an object or to ’ignore’ objects or people
on their left side (Di Loreto and Gouaich, 2011).
Despite right hemiplegia, when a person has had a left-hemisphere stroke may develop speech
or language problems (aphasia) (AHA and ASA, 2012), related for example with speech muscles
preventing to talk properly. It may cause impairment on writing, reading or understanding speech
(Di Loreto and Gouaich, 2011). By contrast to survivors of right-hemisphere stroke, they often
develop a slow and cautious behavioural style. They need frequent instructions to complete tasks
due to memory loss (AHA and ASA, 2012), (Di Loreto and Gouaich, 2011).
Still, if stroke occurs in the brain stem, it can affect both sides of the body and that person may
reach a ‘locked-in’ state, which means that the patient is generally unable to speak or achieve any
movement below the neck. (AHA and ASA, 2012)
2.2 After stroke
2.2.1 Stroke and Rehabilitation
As the leading cause of disability, stroke affects the quality of life of survivors in the work-
place, home and community. The affected area of the brain leads to physical disability and perhaps
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to cognitive problems as attention deficit, pain, weakness and balance loss (Di Loreto and Gouaich,
2011), (Burke et al., 2009).
Rehabilitation is «the process of retrieving the physical poses some lost as a result of traumatic
incident through physical therapy, which greatly benefits to increase muscle strength, increase the
mobility and control dramatically reduces spasticity joints» (Chaitow and DeLany, 2007).
Recovery of the motor function after stroke is crucial in order to perform daily activities inde-
pendently, including bathing, dressing, eating, and using the toilet, as well as more complex tasks
called "instrumental activities of daily living" (IADLs), such as housekeeping, using the telephone,
driving, and cooking (Burke et al., 2009).
Rehabilitation is very for recovering injured limbs functions, and if therapy begins immedi-
ately, it increases significantly the chances of recovery (Rivera et al., 2013). However, the person’s
condition has to be stabilized, because of the serious trauma experienced: he or she may be unable
to do simple tasks they may have took for granted just a few days earlier, which can turn into
depression (Burke et al., 2009) and aggressiveness. Thereat, stroke survivors may not focus on the
program and that is why motivation is an important factor in rehabilitation success (Di Loreto and
Gouaich, 2011).
Other problems with rehabilitation include reports of boring tasks (although these programs
attempt to stimulate); high healthcare costs; travel costs associated with travels to attend clinic
at later stages; and lack of computational measurement may result in errors when interpreting
evaluation data (Burke et al., 2009).
2.2.2 The process
In the early stages, rehabilitation occurs in the hospital during only 6 to 8 weeks, due to its costs
(Di Loreto and Gouaich, 2011). Then, patients are required to shift to specialized and supervised
therapy units (Burke et al., 2009), usually during the first 6 months after the stroke.
At this stage, there are three types of rehabilitation therapies according to the patient and
the characteristics of the lesion: passive, active and power mode. The passive mode has the
intervention of a therapist which mobilizes the joints without the patient involved, the power mode
is a combination of movements performed by the therapist and patient-controlled movements and
finally active therapy is when the patient makes every effort in the exercises without the therapist
(Rivera et al., 2013).
At last, therapy progresses to home-based programs. Usually, rehabilitation programs are
oriented by a professional working close the stroke survivor setting personal objectives (Burke
et al., 2009).
In terms of recovery, the upper limb has a slower progression. Patients with upper extremity
paralysis typically regain motor control starting from their shoulder and gradually regain motion
in the elbow, wrist, and, finally, the hand (Di Loreto and Gouaich, 2011).
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Chapter 3
EMG and Motion
The study of the upper extremities is at an early stage, and an introduction to clinical routine
seems to be a step for the future (Rau et al., 2000). To develop interventions aimed at rehabilitating
sensory-motor control, it is necessary understand the mechanisms behind normal and unaffected
movement (Hughes et al., 2010).
The first step for the analysis is the selection of the movements due to the variability of upper-
limb movements. These may be movements taken from an activity under investigation or move-
ments which are designed for the experiment. Then, it is crucial to choose the best methodology to
use. Surface electromyography (sEMG) is a useful tool with which to identify normal and abnor-
mal muscle activation patterns, which may then be related to impaired performance and function
(Hughes et al., 2010).
3.1 Electromyography
Interpretation of biological signals, such as the electromyogram (EMG), considered as a man-
ifestation of physiopathological events has been a great scientific research target.
The EMG is a signal generated by skeletal muscles. Central control strategies, signal trans-
mission and electrical activation, in parallel with a complex chain of biochemical events, allows
the production of forces acting on the tendons of the muscles and moving the bones (Merletti and
Parker, 2004).
For the study of human movement and motor control it is common to use the surface elec-
tromyogram (sEMG). It was demonstrated that there is a linear relationship between the myoelec-
tric signals and some biomechanical variables (Merletti and Parker, 2004).
3.1.1 Electromyographic signal
EMG: anatomical and physiological background
EMG is an abbreviation from electromyography. It is the study of electrical muscle signals
or myoelectric activity. Electromyography has many applications such as biomedical, Evolvable
Hardware Chip (EHW) development, and modern human computer interaction (Reaz et al., 2006).
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The EMG signal is related with the electrical signal associated with the contraction of a mus-
cle. Muscle contractions are combinations of nerve impulses that twitch responses in muscle
fibers. That signal is produced by the depolarizing of motor units, often referred to as motor unit
action potential (MUAP) (Sivananthan et al., 2012).
An electromyogram is a record of the electrical activity muscles. EMGs can be used to detect
abnormal muscle activity that can occur in many diseases and conditions as the electrical signal is
usually proportional to the level of the muscle activity or motor unit activity (Richards, 2008).
The nervous system consists of numerous cells, neurons (basic structural unit), which commu-
nicate with different parts of the body by fast and specific electrical signals, called nerve impulses.
A muscle is composed of bundles of specialized cells capable of contraction and relaxation.
Muscle tissue creates movement, moves substance within the body, provides stabilization and
generates heat (Reaz et al., 2006).
There are also three types of muscle tissue: skeletal muscle, smooth muscle and cardiac mus-
cle. The EMG is applied to the study the first. The skeletal muscle tissue is attached to the bone
and, as the name says, it is responsible for supporting and moving the skeleton. Skeletal muscle
fibers are supplied by neurons, particularly called “motor neuron”, for contraction. One motor
neuron usually supplies stimulation to many muscle fibers (Reaz et al., 2006).
EMG: the history
Man has always been curious about his organs of locomotion. It is known that some of the
earliest scientific experiments concerned muscles and its functions.
The first document stating that muscle generates electricity was from Francesco Redi in 1666
(Basmajian and De Luca, 1985).
But the relationship between electricity and initiation of muscle contraction was first observed
by Luigti Galvani in 1791 (Basmajian and De Luca, 1985). In his epoch-making experiments, he
depolarized the muscles of a frog’s legs by touching them with metal rods (figure 3.1).
Figure 3.1: Galvani’s experiments on animal electricity (Basmajian and De Luca, 1985)
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Six decades later, in 1849, Dubios-Raymond discovered that it was also possible to record
electrical activity during a voluntary muscle contraction (Reaz et al., 2006).
The term electromyography itself was introduced by Marey in 1890, who also was the first to
record the activity previously established (Cram et al., 1998).
Further, the detection techniques were simplified with the advent of the cathode ray tube,
which was invented by Braun (1897) and was first used to amplify action potentials in conjunction
with a string galvanometer by Forbes and Thacher (1920) (Basmajian and De Luca, 1985).
In 1922, Gasser and Erlanger used a cathode ray oscilloscope to show the electrical signals
from muscles (Reaz et al., 2006), (Basmajian and De Luca, 1985). Although, only rough informa-
tion could be obtained from its observation.
Clinical use of sEMG for the treatment of more specific disorders began in the 1960s. Cram
and Steger introduced a clinical method for scanning a variety of muscles using an EMG sensing
device (Cram et al., 1998).
In recent years, EMG has been clinically used for the diagnosis of neurological and muscular
problems. It is also used in a huge variety of laboratories, including those involved in biomechan-
ics, motor control, neuromuscular physiology, movement disorders, postural control, and physical
therapy (Reaz et al., 2006).
3.1.2 Surface Electromyography
As previously stated the muscle fiber action potentials from all the muscle fibers of a sin-
gle motor unit form the Motor Unit Action Potential. There are two main methods of detecting
MUAPs: surface EMG, that involves placing the electrodes on the skin overlying the muscle (non-
invasive), and intramuscular EMG that involves the insertion of a needle electrode into the muscle
itself (invasive), so that the distance between the source and the point of detection is minimal
(Merletti and Parker, 2004), (Reaz et al., 2006).
For either ways of detection, the EMG signal can also be displayed in a various number of
ways. For more scientific study, the EMG signal is common to be displayed as a continuous line
with oscillations or as a signal power-frequency plot.
In the present study the methodology adopted was the surface EMG (sEMG). This method
records the information present in muscle action potentials by position the electrodes on the skin
above the muscle of interest (Reaz et al., 2006). There are various configurations that can be used
for electrode arrangements. In all of them, it is important to have a good firmly secured ground
electrode. This ground and reference electrode should be placed on the body prominence and
should be sufficiently large to create a very good electrical contact.
The location of the electrodes can significantly affect the results, so this is an important part
of the process. The best position is the midline of the belly of the muscle between the nearest
innervation zone and the myotendonous junction (Merletti and Parker, 2004).
The signal extracted during muscular activity and the related information can be used in dif-
ferent kind of applications such as in the field of biomechanics of the human body, in the field of
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medicine and clinical diagnosis, in the development of rehabilitation devices and so on. In biome-
chanics, the information extracted from sEMG signals allows for a deeper understanding of the
muscle functionality during motor tasks as, for instance, gait or orthostatic posture maintenance
(Vannozzi et al., 2010).
In many different application fields, recording a signal is the main way to obtain information
about a specific phenomenon. Then, processing of this signal can give the description, analysis
and decision.
The procedures for data collection and processing as well as the information that can be ob-
tained depend on the objective of the study. However, it is essential to state that in many movement
analysis applications the relevance of the sEMG does not reside in a single signal EMG analysis,
but in the comparison among signals and between signals and other quantities of mechanical nature
(Merletti and Parker, 2004). Typically, the signal is obtained and amplified. Additional amplifica-
tion stages may follow. The signal can also be processed to eliminate low or high-frequency noise,
or other possible artefacts. When the amplitude of the signal is the object of study, the signal is
frequently rectified and averaged to indicate amplitude (Reaz et al., 2006).
The size of the raw EMG signal indicates the amount of muscle activity. Although the motor
unit activity relates to the magnitude of the force produced by a muscle, this EMG signal is not
directionally proportional to the force in the muscle (Richards, 2008).
Beyond muscle activity, timing parameters of human skeletal during movement based on
sEMG represents also an important role in healthcare applications.
3.2 Time detection
In this field, sEMG can provide the time detection of muscular activation, the relationship
amplitude-muscle force and electrical signs of muscular fatigue (De Luca, 1997).
As it has been said, one application of surface EMG analysis to human movement is to de-
termine the temporal characteristics of muscle recruitment that can provide insights into motor
control strategies. The detection of muscular activation timing has a clinical diagnostic impact
(Benedetti, 2001).
For example, temporal analysis of muscle recruitment elucidated the mechanism of an age-
related increase of muscle co-activation during locomotion (Solnik et al., 2010).
The possibility to rely in an automatic method that measure the muscular activation timing
and detect intervals (muscle on or muscle off) is an important issue in the field of sEMG signal
recorded during voluntary dynamic contractions, providing clinical information that allows the
investigation of temporal activation pattern of muscle.
A common evolution of the techniques proposed to detect EMG activity will be discussed with
several methods that have been proposed for this detection.
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3.2.1 Single-threshold method
The most common computer-based method of detecting the onset of muscle activation is the
single-threshold method. It compares the signal with a threshold (Micera et al., 2001). Typically,
this approach measures results depending on the choice of the threshold, requiring the user to be
aware of false alarm events and set independent detections (Reaz et al., 2006).
According to Bonato et al. (1998), the relationship between the probability of detection Pdk








In order to overcome the first method drawbacks, several algorithms, based on statistical prop-
erties of signal have been developed (Vannozzi et al., 2010). An efficient method to consider was
the double-threshold method proposed by Bonato et al. (1998). Double-threshold detectors have a
higher detection probability than single-threshold. It allows the user to adjust the detector accord-
ing to different criteria adapting it to the characteristics of signal and its application (Bonato et al.,
1998).
The parameters of this detector are: the threshold r0, and the length of the observation window,
m. Their values are selected to minimize the value of the false-alarm probability and maximize Pd
for each specific signal-to-noise ratio (SNR) (Bonato et al., 1998).








This method operates on the raw myoelectric signal and, does not require any envelope detec-
tion. This method is complex and computationally expensive, requiring a whitening of the signal.
It has also been reported to not be very sensitive (Xu and Adler, 2004).
3.2.3 Advanced double-threshold method
Despite the advantages brought by the previous method, it was computationally expensive and
complex. Besides the accuracy in the detection, sometimes the speed of the algorithm can be an
important consideration. So, it was proposed a more efficient algorithm (Xu and Adler, 2004)
overcoming the computation costs.
Xu and Adler (2004) proposed an algorithm, more sensitive, stable and efficient with decreased
computational cost, based on the double-threshold method. It provides a higher sensitivity for
activation detection.
In the previous method, the whitening step of the EMG signal was needed as a part of the
process, which takes a lot of computational time (Xu and Adler, 2004). In this method, it is
avoided, significantly reducing the computation time. Moreover, this process reduces the signal
16 EMG and Motion
to noise ratio and consequently reduce the detection probability of the signal, especially when the
muscle is activated at low contraction level. This feature will cause the detector to miss a part of
the activation interval.
Although the proposed method requires having multiple samples from repetitions of activity,
it provides a fast and more reliable muscle on-off detection. It may be a useful tool for the analysis
of sEMG signal recorded for human kinematics study.
3.2.4 TKEO function
The history of the Teager-Kaiser energy operator (TKEO) reports to 1983 with Teager’s ex-
periments related to the production of speech by nonlinear processes against the linear theory used
by the models at that time (Teager and Teager, 1983). Then, in 1990, Kaiser derived TKEO to
compute the energy generator of a sound (Kaiser, 1990).
The energy operator TKEO applied to a given signal, with amplitude A and frequency w0, can
be written as:
Ψd [x(n)]≈ A(n)2sin2(w0(n)) (3.3)
The output is proportional to the product of the instantaneous amplitude and frequency of the
input signal.
The Teager-Kaiser Energy Operator (TKEO) can be used to automatically detect an envelope’s
onset and offset by detecting a sudden change in the signal’s amplitude and frequency (Solnik
et al., 2010).
When a MUAP fires, there is an increase in amplitude and frequency of the signal. In Li
and Aruin (2005) the detection of the onset time of muscle activity considers the instantaneous
frequency and amplitude information of the sEMG.
First, TKEO was applied to the surface EMG signal to highlight the MUAP activities to by
making the action potential points more evident. Then a threshold level in the TKEO output was
determined by
T h = u0+ j.o0 (3.4)
where u0 and o0 are the mean and the standard deviation of the TKEO output of the noise
when there is no muscle activity, j is a preset variable which is to be determined empirically. The
onset time of the muscle activity was determined as the point where the TKEO output exceeded
the present threshold (Li and Aruin, 2005).
One advantage of TKEO output regarding other detection methods is that calculation is derived
from instantaneous amplitude and frequency of the signal. Therefore, TKEO may improve the
ability to analyze muscle activity as depolarization of the muscle cell membrane during contraction
produces rapid fluctuations in signal’s amplitude and frequency (Solnik et al., 2010).
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3.2.5 Time-frequency approaches
Some years ago, several complex approaches have been arising, including high order statistical
algorithms or time–frequency methods.
Focusing on this analysis, researchers demonstrated that frequency changes the signal trace
and follows the muscular activation (De Luca, 1997). In terms of signal timing detection, a robust
signal processing tool is time spectral analysis. However, these field methods provide a solution for
stationary (i.e. that do not change in their basic properties over the length of the analysis). Unlike
that, most of biological waveforms change their properties over time (Semmlow and Griffel, 2014).
The need of analyzing non-stationary signals led to series of approaches that have been de-
veloped to extract information about time and frequency in a waveform, such as time–frequency
methods and time–scale methods (Wavelet analyses).
The Fourier Transform (FT) analysis presents a good characterization of the frequencies in a
waveform, but not information about time. A specific timing event is encoded in all phase’s trans-
form components, which make it difficult to interpret because a local time feature is transformed
into a global feature in phase (Semmlow and Griffel, 2014).
Short-Term Fourier Transform: The Spectrogram
The first time–frequency methods are approaches of slicing the waveform into a number of
short segments. It performs the analysis on each one of these segments, usually using the stan-
dard Fourier transform. This method has been successfully applied in a number of biomedical
applications.
A window flows through the waveform isolating a shorter segment and the Fourier transform
is applied. This is called the spectrogram or “short-term Fourier transform” (STFT). However,
selecting the most appropriate window length is a drawback (Semmlow and Griffel, 2014).





x(n)[W (n− k)e− jnm/N ] (3.5)
The two main problems with this method are: select an optimal window length for data seg-
ments with different features may not be possible; and the time–frequency tradeoff: shortening the
data length, N, to improve time resolution will reduce frequency resolution which is approximately
1/(NT s).
3.2.6 Wavelet analysis
Classical methods, such as the STFT, are affected by the trade-off between time and frequency
resolution related to data windowing. These problems are overcome in Wavelet Transform by
using different window dimensions at different frequencies, which allows a variable resolution: at
high frequencies, there is a good time resolution and a bad frequency resolution and the opposite
at low frequencies.
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Merlo et al. (2003) proposed a new technique for estimating muscle on-off timing based on
the physical model of muscle activation. The system recognizes the presence of MUAPs in the
sEMG signal.
Their proposal was based on local analysis using the wavelet transform (WT). The wavelet
transform can be thought of a remapping of a signal describing the properties of waveform chang-
ing in time divided into segments of scale (Semmlow and Griffel, 2014).
In wavelet analysis, different functions of enlarged or compressed versions as well as transla-
tions of the basic function can be used Semmlow and Griffel (2014), which introduces us to the












where x(t) is the signal to be analyzed, ψ(t) is a prototype function called mother wavelet
time-shifted by τ , a translation index, and dilated according a, a scale parameter (called dilation
coefficient) (Chui, 1992), (Vannozzi et al., 2010). It is a two-dimensional function obtained from
the decomposition of x(t) using a set of functions ψτ,a(t) generated from dilations and translations
of a single function ψ(t) (Mallat and Hwang, 1992). If a > 1, ψ(t) is stretched along the time
axis. If 0 < a < 1 ,ψ(t) is compressed (Semmlow and Griffel, 2014).
Considering MUAPs as scaled versions of a function f(t), with same shape but different width
and amplitude, when mother wavelet matches f(t), CWT is a bank of filters matched to MUAP
shape (Merlo et al., 2003). So, CWT can be used to extend the fixed event detection performed by
the matched filter to event detection with a varying scale but fixed shape, with different MUAPs
having an optimal matching at different scales. When the output peak that corresponds to a MUAP
is high, we know that the matching is better.
Regarding the choice of CWT parameters, the mother wavelet is selected by the EMG detec-
tion modality and the range of scale parameter a is chosen in order to obtain wavelet durations
similar with the MUAPs durations (5–40 ms). In that way, CWT performs a subband analysis for
each parameter a, obtaining a bank of filters with a specific degree of matching the MUAP (Merlo
et al., 2003). Figure 3.2 shows an example.
To these filters, it is applied an event detection process. An amplitude threshold, considering




{CWT (a, t)} (3.7)
The maximum amplitude of test function is used to set the threshold value th as
M = max{η(t)} , f or 0 < t < Tnoise and th = γ.M (3.8)
where η(t) is defined in equation 3.7 and γ > 1.
Figure 3.3 shows an example of simulated single differential signal.
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Figure 3.2: (a) Two simulated single differential MUAPs at different depths in muscle and with
different conduction velocities (b) Same MUAPs as in (a) corrupted by colored noise (0 dB SNR).
(c) Output signals from the bank of filters with different scale factors (Merlo et al., 2003).
Figure 3.3: (a) Synthetic single differential EMG signal generated (b) Testing function η(t) com-
puted from the signal shown in (a) (Merlo et al., 2003)
Later, Vannozzi et al. (2010) suggested another WT algorithm that constituted a further step in
automatic time detection procedure centred on discontinuities of the EMG signal trace.
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As previously shown, CWT is obtained by a set of functions generated from a mother wavelet.




being ωn a correlation term introduced to ensure the admissibility. The second addend is
negligible when ω2m > 5.
WT allows the detection of any time instant when deviations from normal behavior occur, such
as an abrupt change in frequency and addition or superposition in spectral components (Vannozzi
et al., 2010). When it occurs an event (at t0), on both scalogram (modulus) and phase represen-
tations, particular regions of influence appears around t0, related to the frequency adjustment. In
the case of the phase diagram, is limited to a cone in the time–scale plane, having its vertex at the
lowest scales (Farge, 1992). In that way, it is possible to detect discontinuities in a non-stationary
signal by means of the typical cone pattern (figure 3.4).
Figure 3.4: (a) Module and (b) phase of the wavelet transform for the sample signal (Vannozzi
et al., 2010).
The analysis of the wavelet transform phase allows calculating the distance between two con-
tiguous lines by counting the number of time samples between two subsequent phase lines at a
given scale (Vannozzi et al., 2010). In case of these lines are equally distributed, the distance has a
constant value which reflects the presence of regularity zones related with spectral components of
the signal. A certain discontinuity point is evidenced by the sudden change on the distance value.
The noise will affect the WT phase plot and therefore the distance plot at a low scale. An
intermediate scale, the typical distance of phase lines is preserved at an intermediate scale (figure
3.5).
Vannozzi et al. (2010) implemented algorithm can be resumed in a two module flowchart.
First, it scans at all scales the WT phase to calculate the distance function. At the same time it
starts a list of pairs of initial and final time instants corresponding to regularity zones. Then, it
goes through all time pairs and builds all the admissible solutions by juxtaposing contiguous time
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Figure 3.5: Distance function calculated for the sample signal (a) distance values at a very low
scale (b) distance values at an intermediate scale (Vannozzi et al., 2010).
intervals. Finally, by integrating the information present in WT module, it is select a sequence of
intervals (each discontinuity corresponds an interval bound).
There are some similarities between the STFT and the CWT. However, STFT is computed in a
broadband signal on time-frequency plane for several windows to capture high and low frequency
characteristics, but CWT is only computed once to detect both the high and low-frequency events
in the signal (Chui, 1992).
In Reaz et al. (2006), it is presented one table that sums up three of the previous methods and
point out the worse and the best of them (Table 3.1).
3.3 Motion
Motion Capture is the process of recording a live human motion event and translating it into
three dimensional positional and orientation information of joints in space over time. The EMG
Table 3.1: Comparison of 3 main EMG detection methods
SNR (db)
2 4 6 8
Method Bias Std Bias Std Bias Std Bias Std Remark
Improved method
(Merlo et al., 2003) -39 26 -22 25 -12 22 -3 17 Best
Double threshold
(Bonato et al., 1998) 40 68 21 69 12 47 0 53 Good
Single threshold
(Reaz et al., 2006) 55 154 67 147 62 135 72 139 Worse
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signal is a biosignal that measures the electric currents generated in muscles during contractions
that occur while performing the motions. When both these information are analyzed together, the
information achieved will be useful to quantify the complex human motions for medical reasons
or sports performances.
Qualisys Track Manager
One example of a software to collect data from your motion capture system is the Qualisys
Track Manager. The software integrates with force plates, EMG and a number of other devices
and allows you to measure indoor or outdoor, in-air or underwater, passive or active – all in one
uniform and consistent user experience.
Figure 3.6: Markers Figure 3.7: User Interface Figure 3.8: 3D Video Overlay
Figure 3.6 identifies markers on a model. It can be complemented with sample motion data
to start a set. 3.7 shows a powerful user interface that makes it easy to work with. As figure 3.8
shows, it is possible to get 3D video overlay on the reference video (QualisysTrack).
Several researches have been made on signal analysis, processing and pattern classification
on only EMG. Also, similarity matching of motions, indexing, content-based retrieval of human
motions are being done. But as far, little has been made for integration and analysis of both data.
Pradhan et al. (2007) developed a motion classification technique depending on both kinds of
data, extracting the feature vectors, which allows to compare EMG muscle data on that motion
and the characteristic nature of motion capture data during the raising of arm by a participant.
Figure 3.9 shows an external picture for analyzing the motion. Although data is acquired
synchronous, they have different properties: EMG data depends on physiological properties of
muscles whereas motion capture data depends on physical movements of the joints; EMG data
measures the electric currents generated in muscles during contraction, while motion capture data
measures the 3D positional values of each joints during performing action; motion capture data is
almost immune to the noise (Pradhan et al., 2007).
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Figure 3.9: 3D-motion trajectory of the wrist joint and respective muscle activity in biceps and
upper forearm (Pradhan et al., 2007).







It is proposed a methodology to assess the timing of upper-limb motor action in a set of tasks
(functional and non-functional). In order to do so, it was designed an experimental setup defining
a workspace for the execution of the action and recorded electromyographic and kinematic data.
The objective was always to extract data to test if the temporal analysis of kinematic data can be
used as a quantification parameter for motor rehabilitation stages and methods.
4.1 Participants
The two distinct groups will be studied (healthy and post-stroke subjects) in this project.
A total of 10 healthy subjects with more than 45 years old constituted the control group, of
which 4 men and 6 women. The age was chosen taking into account the age of the pathological
sample to match as much as possible the age of subjects included in each group. Seven subjects
took part in the post-stroke group, of which 3 men 4 women.
The characterization of the non-pathological sample, namely age and gender, is described in
Table 4.1.
Exclusion criteria will comprise musculoskeletal pathology, back and/or upper-limb pain,
cerebellar, basal ganglia or brain stem lesions, absence of hemispatial neglet and of visual or
perceptual deficits, and a Mini Mental State Examination (MMSE) score below 25.
For the post-stroke group’s inclusion, participants follow the additional criteria: an unilateral
stroke in the subcortical middle cerebral artery (MCA) territory, confirmed by neuroimaging; an
evolution time over 6 months; and a score between 30 and 50 of the Fugl-Meyer Assessment Scale
Table 4.1: Control group characterization regarding age and gender.
Control group
P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12
Age/
Gender
63/M 60/F 46/M 65/M 52/F 64/F 54/F 62/F 47/F 50/F 53/M 54/M
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Table 4.2: Post-stroke group characterization regarding age and gender. Age/
Post-sroke group
P1 P2 P3 P4 P5 P6 P7
Age/
Gender
68/M 59/F 53/F 77/M 39/F 38/F 28/M
(moderately impaired) (Scheidt et al., 2005). As exclusion criteria to the post-stroke group should
be considered: hemispatial neglect; visual (uncorrected), perceptual or cognitive deficits; and
active range of motion of the contralesional shoulder and elbow joints inferior to 15o (Zackowski
et al., 2004).
Post-stroke group characterization, namely age and gender, is presented in Table 4.2.
All volunteers were informed of the experimental protocol and they had the possibility to
accustom themselves to the setup.
4.2 Kinematic data acquisition
Motion capture was performed by twelve cameras (Qualisys) with a sampling frequency of
240 Hz. For each limb’s assessment (dominant/non-dominant of healthy and ipsilesional/contrale-
sional of post-stroke subjects), nineteen reflective markers were placed in the following landmarks
(see figure 4.1) with participant standing: mid-sternum, C7 and T10, right and left acromion, right
and left lateral epicondyles of the humerus, right and left medial epicondyles of the humerus, right
and left ulnar styloid apophysis, right and left radial styloid apophysis, right and left third metacar-
pus (hand), right and left anterior superior iliac spines, and right and left posterior superior iliac
spines. A reflective marker was placed at the target as well.
Figure 4.1: Schematic representation of the placement of reflective markers for kinematic assess-
ment.
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4.3 Surface electromyography
Surface electromyography (sEMG) was used to study posture and the movement prior during
the task. Before the electrodes placement, it was followed the usual recommendations: to remove
hair and dead skin cells with a process of abrading the skin, cleaning with 70% ethylic alcohol
and slightly abraded with a piece of cotton until redness, and then applying the electrodes. Good
skin preparation gives better EMG results. After this, electrodes were placed perpendicular to the
muscle fibers. Data acquisition was different between both groups.
4.3.1 Non-Pathological Sample
The system used to record the signal were two Delsys Trigno Wireless R© devices with a sam-
pling frequency of 2400 Hz, 16-bit EMG signal resolution and a common mode rejection ratio
(CMRR) > 80 dB. The sensing element, made of 99% silver, had a rectangular shape and a dis-
tance of 10 mm between electrodes.
Trigno EMG Sensors employ 4 silver bar contacts for detecting the EMG signal at the skin
surface. It is crucial that the orientation of these bars be perpendicular to the muscle fibers for
maximum signal detection (figure 4.2). The sensor should also be placed in the center of the
muscle belly away from tendons and the edge of the muscle.
Figure 4.2: EMG sensors must be properly oriented with muscle fibers.
4.3.2 Pathological Sample
For acquiring pathological signals, the system used was the bioelectrical signal multichannel
amplifier EMG-USB2+ from OTBioelettronica (OTBioelettronica). It is a research instrument
designed for clinical research carried out by qualified researchers. As its name says, it can be
used to detect and record, in a invasive and non invasive way, electrical signals generated by hu-
man body such as surface electromyographic (sEMG) signals, electrocardiographic (ECG) signals,
electroencephalographic (EEG) signals and intramuscular electromyographic (iEMG) signals.
In case of the first three signals, the end user must be familiar with the technique and receive
a proper training in EMG or EEG or ECG detection and interpretation. The detection of iEMG
signals is subjected to the insertion of needles or wires into the muscle and must be supervised by
trained medical staff.
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The EMG-USB2+ is a modular system and these signals pass through several processes as
amplification, filtering and digital conversion, after their acquisition, and then are transferred to a
PC, via an USB interface, which allows real-time visualization, in a software called OT BioLab
(designed by OT Bioelettronica) available online.
Its main specifications: it amplifies 16-256 channels, in modules of 16 channels, per board.
The number of amplifier boards installed determines the total number of channels.
Surface EMG was recorded from two trunk and upper-limb muscles, namely the: latissimus
dorsi (LD), one cm laterally to the edge of the scapula, pectoralis major (PM), two fingers below
the collarbone and at two fingers from the sternum, deltoideus medius (MD), in the greatest bulge
of the muscle, between the acromion and the lateral epicondyle of the humerus, and deltoideus
posterior (PD), two fingers behind the angle of the acromion, biceps brachii (BB) the electrode
is placed on the line between the medial acromion and the fossa cubit at 1/3 from the fossa cubit,
and triceps brachii lateral (TRIlat) placed at 50% on the line between the posterior crista of the
acromion and the olecranon at 2 fingers widths lateral to the line.
4.4 Procedure
Firstly, a consent form was given to the participants and a Mini-Mental State Examination
(MMSE) was administered with a questionnaire regarding medical history. Then, subjects were
assessed in sitting position without trunk support and with the seat adjusted to each participant’s
lower leg length (measured from the lateral line of the knee joint to the ground).
A bench with a standard height of 67 cm was placed in front and laterally to the participants
that must be barefoot. A target object (functional object or a non-functional object) was placed
in different positions, as shown in figure 6.1. Basically, it was assessed the sagital plan (0◦), the
scapular plan (45◦) and the plane between both (22.5◦), being the glenohumeral joint the axis of the
movement- Furthermore, it was considered two distances according to each subject’s anatomical
reaching distance: functionally reachable target (functional distance) and far target, considered
reachable but more difficult (120% of the functional distance).
Figure 4.3: Schematic representation of target’s placement. Filled in blue circles represent the
location of the target.
The experimental protocol included several tasks to analyzes the movement pattern on both
upper limbs, designated by dominant and non-dominant in healthy subjects, and ipilesional and
contralesional, for the stroke recovery participants.
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It was intended to analyze the driving trajectory with two types of objects - the functional
target was a water bottle (0,5 L) and the non-functional target is a paperboard tube (500 gr) with
dimensions and weight similar to the water bottle. So the instruction varied: in the non-intentional
instructions, it was used both the non-functional (C1) and functional (C2) targets. The participant
was requested to lift it and then return it to the initial position. In the intentional instruction, the
participant was asked to drink from the functional object and then return it to the initial position
(C3). The experimental setup of the several tasks performed by the participants is shown in figure
4.4.
Figure 4.4: Experimental Setup
Three valid repetitions were executed, with an interval of one minute each. Before each move-
ment acquisition, subjects are the resting position for 10 seconds in order to record baseline data
for sEMG. A beep was presented at the beginning of each trial (total of three per condition) sig-
naling when the participant should start performing the task.
No instructions were given to the patient on the speed of movement, since the aim was to
explore the natural movement in daily routines. All participants performed the grasping task with
both arms. Experience has duration of about 4 hours.
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Chapter 5
Data processing and extracting
5.1 EMG processing
Raw sEMG signal acquired was digitally filtered using Matlab R2009b (MathWorks, MA,
USA) with a 20-500Hz zero-phase Butterworth bandpass filter (-80dB/decade) to restrict the signal
frequencies to those with physiological relevance. No 50Hz notch filter was used in order to
preserve as much EMG information as possible.
The next step was a full wave rectification. This is required because the raw EMG signal
(after removal of low voltage offset) oscillates positive and negative either side of the zero line,
therefore, if we were to try to find the mean value we would end up with zero. Rectification takes
the entire signal and makes all the negative values in the signal positive.
Subsequently, its Root Mean Square (RMS) envelope was calculated with a 300 ms smoothing
window.
An representative example of the output of raw data digitally filtered using Matlab, as well
as the full wave rectification of the filtered signal and its Root Mean Square (RMS) envelope is
shown in figure 5.1. See full routine in appendix A.
5.2 Time-Motion detection
Using Visual3D C-Motion software, start/end point of trajectory are automatically extracted
for the healhty samples. In order to obtain proper comparison of the data extracted from signals,
as the ratio of muscle activation by total movement duration, it was calculated from a state graph
the beginning and the end of the movement, for the pathological group.
5.3 Timing activation detection
Visual 3D is the premier 3D analysis toolkit that performs 3D biomechanics modeling, anal-
ysis, and reporting functions, with clinical and research applications. It is for processing the data
collected by a 3D motion capture system, in this case Qualisys Motion Capture System. Visual
33
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Figure 5.1: Process of the signal using matlab.
3D allows biomechanics calculations and Analysis data graphically, such as 3D Kinematics, 3D
Kinetics and EMG.
For a pilot experiment, a simple function of extracting data like the first moment of activation
(onset) as well as the last moment (offset), the maximum amplitude of activation and the mean
amplitude of activation. These data were tabled to find some similarities between the signals.
Using a step by step process, presented in appendix B, Visual 3D pipeline adapted commands
were used to process the Teager-Kaiser Energy Operator (TKEO) (Li and Aruin, 2005). This
operator was used to automatically detect an envelope’s onset and offset by detecting a sudden
change in the signal’s amplitude and frequency, with he aid of a threshold level.
An example of the result of TKEO algorithm is shown in figure 5.2.
Figure 5.2: Original Signal and Processed RMS TKEO in Visual 3D.
After some preliminary studies that showed no advantages using Visual 3D for processing
EMG signals, the previous routine was implemented in software Matlab due to its multi-tasking
for other objectives of the project. This new routine is described in appendix C about the interface
created.
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Figure 5.3: Processed RMS TKEO in Matlab.








First, a pilot experiment was achieved to evaluate the viability of performing the study consid-
ering the effect of location, instruction and object for the analysis and quantification of upper-limb
movement. This study was performed with part of the control group and only a few tasks were
selected.
6.1.1 Methodological Considerations
Data from five healthy participants constituted the non-pathological sample, the only group
in study. The experimental protocol included several tasks to analyzes the movement pattern on
both upper limbs - dominant and non-dominant. Participants were verbally instructed to each
condition. For condition 1, participants were instructed to reach and lift the target for a functional
meaning (only for the functional object). For condition 2, subjects are instructed to the same with
a non-functional object. The setup was shown previously (figure 6.3).
A target was placed in different positions, as shown in figure 6.1.
Figure 6.1: Schematic representation of target’s placement. Filled in blue circles represent the
location of the target.
Surface electromyography (sEMG) acquisition was already described in section 4.3.1. It was
only considered the sEMG recorded from two upper-limb muscles, namely the: biceps brachii
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(BB,) and triceps brachii lateral (TRIlat). The schematic representation of the placement of sen-
sors for surface is shown in figure 6.2. In figure 6.3 is represented the initial position and the
placement of this two electrodes in one of the participants in the study.
Figure 6.2: Schematic representation of the placement of sensors for surface EMG.
Figure 6.3: Initial position and placement of sensors for surface EMG.
The EMG data was processed using both Matlab and Visual 3D C-Motion software.Then, a
simple function of extracting data like the first moment of activation as well as the last moment, the
maximum amplitude of activation and the mean amplitude of activation. These data were tabled
to find some similarities between the signals.
About kinematic data, the motion was previously created using Visual 3D (C-Motion Soft-
ware) and the start and end point of the trajectory were extracted.
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6.1.2 Results
A total of sixteen cases for each one of the two selected upper-limb muscles, named biceps
brachii (BB) and triceps brachii lateral (TRIIlat) and each one of those for five participants in
the study, given the sample of the recorded sample of Surface EMG. Diagram 6.4 illustrates the
profile of these situations analyzed.
Figure 6.4: Cases of study for the two muscles and for each participant.
The TKEO algorithm was used over the RMS envelopes using a threshold level j. The onset
and offset detection, involved an estimation of j values, whenever the automatic detection failed.
The standard value started in 3, but after some manual detection varying the threshold, the mean
value for the detection of onsets was 3, but in the case of detection of offsets it became 2. An
example of the result of TKEO algorithm is shown in figure 5.2.
However, the onset and offset detection, involves an estimation of Optimal Thresholding of
TKEO Outputs, whenever the automatic detection failed. The threshold was then decided by j.
For the signals with different noise levels, the threshold was adjusted by varying j in order to
achieve optimal performance. In general, j was chosen to be 3, but after some manual detection
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varying the threshold, the mean value for the detection of onsets was 3, but in the case of detection
of offsets it became 2.
6.1.2.1 Onsets and Offsets Analysis
The beginning of the movement not always matches the beginning of muscle activation. The
same happens in the end of these actions. Thereby, it was carried out an study to evidence those

















































































































































































































































Figure 6.5: Comparison of the offsets and onsets of movement, and activation of biceps and triceps
in the non-dominant limb.
As it can be seen in figure 6.5, in general, the onsets and offsets of biceps activation are
very similar to the beginning and the end of movement. The main differences occur for triceps
activation. For a distance of 100%, the activation offset occurs earlier; in fact, if we combine this
event with the fact that for an angle of 45◦, the activation onset was later, it give us an duration of
activation smaller. In the case of the 0◦ plan, except for distance 120% with the card object, the
activation offset, was equal earlier.
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In another scenario, the above conditions can be treated equally for the dominant limb. In gen-
eral, triceps activation onsets and offsets are equal or greater than the beginning of the movement
or the biceps activation onset, except for the first situation, as it is shown in figure 6.6.


















































































































































































































































Figure 6.6: Comparison of the offsets and onsets of movement, and activation of biceps and triceps
in the dominant limb.
6.1.2.2 Duration of movement and muscle activation analysis
In addition to studying the beginning and end of moment with activation onsets and offsets, it
was made a study of the duration of those for mechanical and muscular activation cases to allow a
better visualization of these parameters.
Looking for the non-dominant limb in figure 6.7, and having as a comparison the duration of



































































































































































































































































Figure 6.7: Comparison of duration of movement, and activation of biceps and triceps in the non-
dominant limb.
While for biceps, the activation time was equal or greater than the activation time for triceps,
these last usually have a lower activation time in relation to the movement and biceps activation,
for all cases.
With a larger distance and wider angle, there are not striking differences between the times
of movement and activation period. When it becomes to a functional object, all three considered
durations are generally of lower amplitude.
In the dominant limb, they are verified some differences, visible in the figure 6.8. The first
that it is possible to observe was that for a non-functional object at a distance of 100%, the triceps
activation time was higher than for biceps and it was close to mechanical movement duration.
For all other cases, the duration of the biceps activation was equal to or greater than the triceps
activation duration.
Unlike what was verified for the non-dominant limb, a larger distance and a wider angle with
a functional object, the duration of movement was slightly greater than the activation time of the
biceps, and this was slightly greater than the activation time of the triceps.

































































































































































































































































Figure 6.8: Comparison of duration of movement, and activation of biceps and triceps in the
dominant limb.
6.1.2.3 Maximum and mean amplitude analysis
Besides a temporal analysis of onsets and offsets, as well as the duration of movement and
biceps and triceps activation, a study on activation moments amplitudes was carried out, for both
muscles.
Starting with the non-dominant limb, it was possible to notice, in figure 6.9, that the mean
activation amplitude was very similar for both muscles in the study. However, there was a higher
discrepancy in the values of this amplitude for the activation of the biceps.
There was also an increase of this amplitude, when there was an increase in the distance
combined with an increase of the angle at which the task was performed.
It was observed that the maximum amplitude of this limb was higher in the biceps than in the
triceps, being lower when there was an increase of the angle of the work plan. The opposite occurs
for triceps, in which there was an increase of maximum amplitude when there was an increase of
the angle of the work plan.
For the dominant member, it is visible the same similarity of mean amplitudes for the two


















































































































































































































































Figure 6.9: Comparison of mean and maximum amplitude of activation of biceps and triceps in
the non-dominant limb.
Unlike what happened with the non-dominant limb, it was now possible to observe a distinc-
tion between the maximum amplitudes of the biceps in relation to the distances where the object
was placed: for a larger distance, the higher the amplitude.
Relative to the maximum amplitude of the activation of triceps, it continues to be higher for a
wider angle and a larger distance.

















































































































































































































































Figure 6.10: Comparison of mean and maximum amplitude of activation of biceps and triceps in
the dominant limb.
6.1.2.4 Onsets and Offsets relatives to the movement
To complete the study, it was carried an analysis of activation onsets and offset with respect to
the beginning of mechanical movement, in order to understand if it was possible to characterize
the movement in a change of the task or muscle to be analyzed. Table 6.1 shows these results.
It was observed that there was a tendency at the end of activation of the biceps. Typically, it
occurs later, which also means a larger activation time.
When analyzing the parameter of the activation onset compared to the beginning of the move-
ment, the activation occurs later in the biceps for the 0◦ plan and later in the triceps for the 45◦
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plan.
Relatively to the distance in which the task has been accomplished, it can be seen an increase
of activation onset for both muscles, however it has to been take into account that this was not
evident for all cases.
Table 6.1: Activation onsets and offset with respect to the beginning of mechanical movement
Case biceps_on (%) biceps_off (%) triceps_on (%) triceps_off (%)
1 0.04 96.19 -1.00 88.18
2 0.25 97.76 2.83 89.02
3 7.51 88.07 1.16 92.88
4 -0.12 96.19 3.16 96.90
5 -0.68 104.88 -7.62 67.60
6 -0.32 98.38 6.46 90.02
7 0.58 96.80 0.21 95.73
8 -1.15 90.94 2.24 91.75
9 -1.71 90.03 3.54 94.57
10 1.04 98.28 4.79 95.54
11 0.95 89.83 2.45 92.84
12 -1.99 97.59 3.52 92.33
13 0.56 98.93 1.76 97.88
14 -0.72 99.57 5.23 103.52
15 0.90 96.65 3.43 91.15
16 0.25 96.33 3.10 92.60
6.1.2.5 Concluding Remarks
About the obtained results, it was concluded that the type of object may influence the mus-
cle activation. When it becomes to a functional object, movement, biceps activation and triceps
activation duration are generally of lower amplitude.
Many differences were observed in the activation, especially when it came to cases where
there was an increase of the angle of the plan task. In some cases the increased distance for object
placement also influenced the movement.
For example, for the non-dominant limb, a larger distance and a wider angle with a functional
object, the duration of movement was slightly greater than the activation time of the biceps, and
this was slightly greater than the activation time of the triceps.
Typically, the end of activation of the biceps occurs, which also means a larger activation time.
When analyzing the parameter of the activation onset compared to the beginning of the movement,
you can see that the activation occurs later in the biceps for the 0◦ plan and later in the triceps for
the 45◦ plan. Relatively to the distance in which the task has been accomplished, it can be seen
an increase of activation onset for both muscles, however it has to been take into account that this
was not evident for all cases.
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Figure 6.11: Processed EMG and TKEO function
6.2 Comparing two case studies
As it was described before, seven subjects constituted the post-stroke sample, of which 3 men
and 4 women. In this section is presented a case analysis for one participant of each group, named
P1 for post-stroke recovery individual and Control_P1 for the healthy subject.
6.2.1 Methodological Considerations
It was intended to analyze the driving trajectory with two types of objects - the functional
target was a water bottle (0,5 L) and the non-functional target was a paperboard tube (500 gr) with
dimensions and weight similar to the water bottle. So the instruction varied: in the non-intentional
instructions, it was used both the non-functional (C1:non-obj) and functional (C2:obj) targets. The
participant was requested to lift it and then return it to the initial position.
In order to understand the dynamics of movement, the motion was generated in Visual 3D
C-Motion software. Different spatiotemporal variables were extracted as: movement time and
start/end point of trajectory.
Surface electromyography acquisition is described in section 4.3.2. The EMG data was pro-
cessed using only Matlab software. In figure 6.11, it is shown a result of a processing sEMG,
already performed in the implemented software (chapter 7).
In this study, it is included the two-way analysis of variance (ANOVA). In this sense it is
possible to compare variables of two types of subjects and evaluate if there is any interaction
between them. In this case, a higher statistical significance translates into a greater difference
between the compared parameters, i.e., a p*** signifies that the pathological signal is not similar
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to the so-called healthy, but if the difference is p* at the parameters approximate more, which may
mean that the patient is close to achieving healthy patterns.
6.2.2 Results
Each result presented in this section was obtained and extracted from the interface created. All
information about the software itself and its utilization are described in the next chapter (chapter
7).
At this stage, to the analysis of pathological group was added an important step in the process:
the selection of parameters that are relevant to the comparison of the two set in study. With the
variables extracted, different ratios were calculated to compare the influence of distance, angle and
type of object in a task, as well as the limb with which each task was performed.
To illustrate the possible variable extraction and visualization functionality of the interface, it
was chosen participant 1 from each group under study, for which all parameters were calculated
for the 9 muscles under investigation. In this chapter it is presented one of the muscles, the Biceps,
as an example; all the others calculations can be found in form of graphs (appendix D and E) and
tables (appendix F and G).
The first parameter measured was the ratio between the initiation of the movement in relation
with total movement duration. The results can be presented in the form of graphics, which allows
a more visual comparison of the calculated variables (Figure 6.12).
According to the results, in general the beginning of the movement for post-stroke recovery
patients occurs earlier than in the healthy subjects, since the ratio was lower.
The second parameter analyzed was the ratio between Total Muscle Activation by Total Move-
ment Duration. As done previously, graphs (Figure 6.13) of the corresponding results are pre-
sented.
The results show that in the healthy subjects there was a major impact on values for the subject
with a change of the object in study. This difference was not very notorious in case of pathological
individuals.
It was also analyzed the ratio between the Initiation of Muscle Activation normalized to the
Initiation of the Movement by Total Movement Duration. (Figure 6.14) presents the graphs for the
results obtained.
As it can be seen, the results for the condition with the functional object vary in the same
proportion for both two groups. However, moving to the analysis of non-functional object, that is,
the tasks with the cardboard tube, this does not happen and the values vary for opposite directions.
Apart from the ratios, they were also extracted the mean and maximum amplitudes of muscle
activation of the 9 muscles in study.
Analysing figures 6.15 and 6.16. There was a major difference for the maximum amplitude
in the case of the dominant limb of the healthy group. But in both cases the contralesional limb
and the non-dominant limb have lower maximum amplitudes of activation. Looking for the mean
amplitude, it can be seen that it has lower values in the case of pathological individuals and for
those cases, the change of the object does not appear to be very significant, unlike what happens
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[Post-stroke recovery subject]
[Healthy subject]
Figure 6.12: Graphs of the ratio Movement Initiation by Total Movement Duration in Biceps
in the healthy group.
The results can also be presented in the form of tables, which allows a more meaningful
statistical analysis (Tables 6.2 and 6.3).
6.2.3 Statistical analysis
Although the analysis of the results can be done visually through charts or tables, a more
effective way to compare the results is to make a statistical analysis. A way to do this analysis of
the data is using the two-way analysis of variance (ANOVA) with Bonferroni Multiple/Post Hoc
Group Comparisons using GraphPadPrism software (Inc., USA). The level of significance was set
at probabilities of *p<0.05, **p<0.01 and ***p<0.001.
The medical specialist can make a statistical assessment of this type and define their interven-




Figure 6.13: Graphs of the ratio Total Activation by Total Movement in Biceps
the individual presents major difficulties. Analyzing the specific case, the results show that the
beginning of activation and the extent of activation are still somewhat similar to a regular pattern.
6.2.4 Concluding Remarks
There are many tools that therapists can use to make his diagnosis with the extracted variables
and parameters calculated in this interface, such as graphs, tables and statistical analysis. In the
end, it is for the expert to choose the most suitable, gathering all this data will be possible to
establish a comparison with normal standards, and develop a more appropriate rehabilitation to
the patient.
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[Post-stroke recovery subject]
[Healthy subject]
Figure 6.14: Graphs of the ratio Initiation of Activation by Total Movement in Biceps
6.3 General Conclusions
For all the studies presented, results seem to indicate a role of the target and intentionality,
or at least interaction effects between them on the movement execution. So, it was proved that
identifying a set of useful and sensitive variables to quantify upper-extremity motor control during
an intentional or non-intentional daily activity can be used as a quantification parameter for motor
rehabilitation stages and methods.
The first study was performed in a sample of participants that has not suffered any brain injury
in order to establish a comparison of the results with a future characterization of pathological
sample. However, as this study revealed, it was crucial to implement an automatic method for the
previous detection before characterization, as it is showed in the next chapter (chapter 7).
After the implementation of the interface in Matlab, it is easier to establish a comparison
between the different tasks and the clinical information about the patient was automatically saved




Figure 6.15: Graphs of Maximum Amplitude in Biceps
The statistical analysis leads to the conclusion about the evolution of the patient’s rehabilitation
study in relation to a healthy case. Creating an automatic method that allows the therapist or doctor
to calculate these parameters presented, it would be possible to do the same this study and compare
not only the extracted signal of the patients, but also to a more intrinsic evaluation. That is, within
the same technical intervention, as evolves variable in relation to the increased complexity of the
task, which justifies taking the test on the effect of type and object location. As an aim of this
thesis, it was implemented this automatic method that will be presented through an interface in the
next chapter.
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[Post-stroke recovery subject]
[Healthy subject]
Figure 6.16: Graphs of Mean Amplitude in Biceps
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Cardboard Tube 0.3405 0.6430 0.1400 0.3405 0.4682 0.1448
Water Bottle 0.1537 0.5572 01529 0.1537 0.6344 0.1424
Ipsilesional
Cardboard Tube 0.6427 0.1642 0.1466 0.6427 0.1526 0.1390
Water Bottle 0.1382 0.1597 0.1374 0.1382 0.4045 0.1376
Ratio
Total Muscle Activation Total/
Total Movement Duration
Contralesional
Cardboard Tube 11.5519 8.3465 9.6600 11.5519 8.4803 9.6561
Water Bottle 1.3175 1.4173 1.3008 1.3175 1.5707 1.3564
Ipsilesional
Cardboard Tube 8.4150 9.6339 9.6435 8.4150 9.6171 9.6691





Cardboard Tube 0.0332 0.6426 0.1397 0.0332 0.4677 0.1444
Water Bottle -0.0324 -0.1842 -0.2305 -0.0324 -0.2708 -0.1616
Ipsilesional
Cardboard Tube 0.6422 0.1638 0.1462 0.6422 0.1522 0.1386
Water Bottle -0.0493 -0.1637 -0.1033 -0.0493 -0.0402 -0.0524
Maximum Amplitude
Contralesional
Cardboard Tube 0.0274 0.0429 0.0503 0.0274 0.0638 0.0523
Water Bottle 0.0321 0.0411 0.0507 0.0321 0.0691 0.0531
Ipsilesional
Cardboard Tube 0.0921 0.0645 0.0774 0.0921 0.0898 0.1073
Water Bottle 0.0812 0.0620 0.0869 0.0812 0.1163 0.1256
Mean Amplitude
Contralesional
Cardboard Tube 0.0142 0.0122 0.0144 0.0142 0.0205 0.0165
Water Bottle 0.0187 0.0133 0.0507 0.0321 0.0691 0.0531
Ipsilesional
Cardboard Tube 0.0213 0.0216 0.0249 0.0284 0.0257 0.0336
Water Bottle 0.2268 0.0242 0.0869 0.0812 0.1163 0.1256









Cardboard Tube 0.0366 0.0382 0.0476 0.0366 0.0159 0.0335
Water Bottle 0.0489 0.0355 0.0368 0.0489 0.0402 0.0259
Ipsilesional
Cardboard Tube 0.0157 0.0149 0.0151 0.0157 0.0149 0.0070
Water Bottle 0.0169 0.0072 0.0075 0.0169 0.0116 0.0171
Ratio
Total Muscle Activation Total/
Total Movement Duration
Contralesional
Cardboard Tube 1.3592 1.5658 1.4242 1.3592 1.1780 1.6019
Water Bottle 1.3175 1.4173 1.3008 1.3175 1.5707 1.3564
Ipsilesional
Cardboard Tube 1.2540 1.4104 1.2053 1.2540 1.1890 1.2385





Cardboard Tube -0.1208 -0.2677 -0.1574 -0.1208 0.0158 -0.3670
Water Bottle -0.0324 -0.1842 -0.2305 -0.0324 -0.2708 -0.1616
Ipsilesional
Cardboard Tube -0.0330 -0.1313 -0.0345 -0.0330 -0.0216 -0.0634
Water Bottle -0.0493 -0.1637 -0.1033 -0.0493 -0.0402 -0.0524
Maximum Amplitude
Contralesional
Cardboard Tube 0.0303 0.0351 0.0287 0.0303 0.0585 0.0592
Water Bottle 0.0379 0.0279 0.0302 0.0379 0.0540 0.0388
Ipsilesional
Cardboard Tube 0.0387 0.0430 0.0447 0.0387 0.0360 0.0452
Water Bottle 0.0374 0.0367 0.0413 0.0374 0.0330 0.0400
Mean Amplitude
Contralesional
Cardboard Tube 0.0075 0.0069 0.0066 0.0075 0.0087 0.0077
Water Bottle 0.0079 0.0064 0.0060 0.0079 0.0078 0.0069
Ipsilesional
Cardboard Tube 0.0167 0.0156 0.0181 0.0167 0.0151 0.0190
Water Bottle 0.0149 0.0134 0.0140 0.0149 0.0155 0.0319
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Cardboard Tube ** * ** ***
Water Bottle ** ***
Ipsilesional
Cardboard Tube *** *** ***
Water Bottle *** *** ***
Ratio
Total Muscle Activation Total/
Total Movement Duration
Contralesional
Cardboard Tube *** *** *** *** *** ***
Water Bottle
Ipsilesional














Water Bottle * *
Ipsilesional
Cardboard Tube ** * * ** ** ***
Water Bottle ** ** ** ** *** ***
Mean Amplitude
Contralesional
Cardboard Tube *** *
Water Bottle * *** *** *** ** ***
Ipsilesional
Cardboard Tube *** * **
Water Bottle *** *** *** *** *** ***
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Chapter 7
Implemented Software and GUI
The main objective of this work was to implement an automatic method to detect muscular
activation timing, which provides information for the investigation of temporal activation pattern
of muscle.
After some preliminary studies, as it was presented before, it was decided to implement the
algorithm in a software, allowing the final user (which can be doctor, therapist or other specialist
without engineering education) to assess rapidly and effectively to all signals, processing and even
calculate relevant variables, to characterize and compare the muscles activation and motor behav-
ior of upper-limb in participants without pathology with participants in stroke recovery during a
functional and non-functional task , with the use of combined data obtained by motion analysis
with EMG.
7.1 Operation Mode
Having this aim in mind, it was created an interface which allows both visualization and cal-
culation of data (see Appendix C).
The diagram shown in figure 7.1 pretends to illustrate the basic operations of the interface
created.
As it can be seen, the user has the possibility to choose the operation to realize. Figure 7.2
shows the first scenery of the interface.
Selecting the first button, it is sent to the visualization interface (figure 7.3), and it has to
choose the group of study, patient data, which limb to analyze and the procedure to study: object
and task, and finally the muscle acquired.
It is possible to view the original signal, the RMS envelope and to access to the onset and
offset of activation, that is, if the user presses the button:
• Show signal, it calls a function that filters the raw signal selected with a butterworth band-
pass filter to restrict signal frequencies to EMG;
59
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Figure 7.1: Diagram of basic operations of the interface
Figure 7.2: User Interface - Part I
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• Rectified signal, it applies a full wave rectification to the filtered signal. Rectification takes
the entire signal and makes all the negative values in the signal positive.
• RMS Envelope signal, it calculates with a 300 ms smoothing window in the rectified signal.
• Onset, Offset and Both, TKEO operator algorithm was here used to detect an envelope’s
onset and offset by detecting a sudden change in the signal’s RMS envelope. It allows the
visualization in the graph and shows its value in a text box.
Figure 7.3: User Interface - Part II (1)
An example of the performance of this part of the interface is shown in figure 7.4.
Selecting the second button, the GUI computes the variables that the user selected and gener-
ates its graphs, respectively (figure 7.5).
After the selection of patient data and the muscle acquired. The created interface performs
three different operations:
(1) Detection of the onset and offset of the movement
For non-pathological acquisitions, these data are already available in qualysis track manager.
However, for participants in stroke recovery acquisitions, it was necessary to implement a detec-
tion algorithm for the start and end frame. The program executes this detection by clicking in
the button: Detect Start/End Frame. There is no need to compute this task again by changing the
selected muscle.
(2) Detection of the onset and offset of the muscle activation
62 Implemented Software and GUI
Figure 7.4: Example of User Interface - Part II (1)
The software computes for the muscle selected this operation. Here, there is a waiting period
since it is a more demanding level computer operation in which the user has to wait for the soft-
ware to conclude the task. The button: Detect Onset/Offset has to be pressed every time there is
an alteration in the selected participant and muscle.
(3) Visualization and Comparison of the chosen ratios and variables to analyze the signals
The user has to choose between:





• Ratio 2 - Ratio Total Muscle Activation/ Total Movement Duration
Ratio2 =
Muscle Activation O f f set−Muscle Activation Onset
MovementDuration
(7.2)
• Ratio 3 - Ratio onset of Activation/ Movement Duration
Ratio3 =
Muscle Activation Onset−Movement Onset
Movement Duration
(7.3)
• Maximum Activation Amplitude
• Medium Activation Amplitude
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Using these parameters, it will be possible to compare these values with others tabled, cal-
culated for non-pathological sample, and study if there was an evolution in rehabilitation of the
upper limb (figure 7.6).
Figure 7.5: User Interface - Part II (2)
Figure 7.6: Example of User Interface - Part II (2)
64 Implemented Software and GUI
7.1.1 Database
All the computed parameters, considering onsets and offsets of the movement or muscle ac-
tivation are saved in new created folders, which makes the visualization and analysis of the data
easier. The time dispensed in computation of variables it is only spent one time (for which muscle
and participant chosen) and the generation of the graphs is rapid for the second time of utilization.
Chapter 8
Final Considerations
Reaching to an object within arm’s length involves the shoulder, elbow, and wrist. These joints
work together as a coordinated mechanical system in healthy individuals to accurately place the
hand in a desired position (McCrea et al., 2002). But after stroke, these functions are often lost
in the affected arm. Therapy has to be directed towards increasing an adaptive recovery and also
increasing the recovery of the affected arm. An evaluation of this therapy should also be done;
however, it is difficult to do that as little is known about how upper-limb function is affected after
stroke (Parker et al., 1986).
Understanding the biomechanical and neuromotor control processes underlying reaching in
the healthy population can help to identify where deficits may occur in post-stroke individuals
(McCrea et al., 2002). Biomechanical assessments of a reaching task can play a complementary
role to current clinical assessments to provide an understanding of this mechanism. The analysis
of a purposeful activity from real life increases the clinical relevance of the study.
There are many possible kinematic variables that can be calculated to analyze the motor func-
tion of the upper extremity. Electromyography measures during movement are sensitive to the
effects of neurological and orthopaedic conditions and their treatments, so it is a way of under-
standing the human movement.
The main objective of this study was to implement an automatic method to detect muscular ac-
tivation timing, which may provide clinical information that allows the investigation of temporal
activation pattern of muscle. In this way, it was established a means to characterize and com-
pare the muscles activation and motor behavior of upper-limb in participants without pathology
with participants in stroke recovery during a functional and non-functional task, with the use of
combined data obtained by motion analysis with EMG sensors.
With appropriate characterization of both groups of participants, it will be possible to define
parameters of activation in post-stroke individuals regarding the healthy ones, where the main ob-
jective is inserted, this is differentiate individuals with deficits in motor performance with different
impairment levels after stroke, evaluating, at the same time, the rehabilitation of the patient.
For this characterization it is necessary to process many EMG signals acquired which can
be computational complex. The objective is to create a means that can process those signals
65
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automatically and report parameters, like onset and offset and also amplitude values, and then it
will be possible to do the appropriate description of both movements.
It is also the main interest to understand the relationship between the motion capture and EMG
data, so several parameters combining both were also calculated.
Once the nature and characteristics of this relation is established, this combination of infor-
mation will be useful for this work and other biomedical applications. A medical specialist can
collect the data presented and from here it can choose the variables with which it prefers to work;
analyze what the accurate way to present the results; and finally, validate the interface built.
In the future, the healthy upper-limb movement database can be collected with the ongoing
methodology, and be used create a pattern which can be designated normal, so that it can compare
all new pathological individuals with those patterns.
It was proved that the muscle activation seems to be influenced by both the target and the
instruction. This object-dependent modulation of EMG activity, seems to be implemented by the
Central Nervous System through feedback control strategies. Although it has already been done
in this thesis, a depth study is important to understand the degree of task of upper-limb muscles
in manipulating different objects. It is important to continue the development of a motor database








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































!Identify the event ONSET based on a threshold crossing





















!Identify the event OFFSET based on a threshold crossing
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98 Interface Part II (2)
Appendix D
Results of the studies













102 Results of the studies
Triceps
D.2 Graphs of the ratio Total Muscle Activation by Total Movement
Right Grand Dorsal
Left Grand Peitoral








D.3 Graphs of the ratio Initiation of Activation by Total Movement 105








D.4 Graphs of Maximum Amplitude 107
Anterior Deltoid
Triceps
D.4 Graphs of Maximum Amplitude
Right Grand Dorsal








110 Results of the studies
Triceps
D.5 Graphs of Mean Amplitude
Right Grand Dorsal
Left Grand Peitoral









Results of the studies - Control group













116 Results of the studies - Control group








118 Results of the studies - Control group
Anterior Deltoid
Triceps
E.3 Graphs of the ratio Initiation of Activation by Total Movement
Right Grand Dorsal








E.4 Graphs of Maximum Amplitude 121
Triceps
E.4 Graphs of Maximum Amplitude
Right Grand Dorsal
Left Grand Peitoral








124 Results of the studies - Control group























Cardboard Tube 0.0278 0.0175 0.0460 0.0278 0.0138 0.0310
Water Bottle 0.0303 0.0347 0.0322 0.0303 0.0341 0.0198
Ipsilesional
Cardboard Tube 0.0112 0.0080 0.0090 0.0112 0.0136 0.0089
Water Bottle 0.0088 0.0137 0.0137 0.0088 0.0082 0.0112
Ratio
Total Muscle Activation Total/
Total Movement Duration
Contralesional
Cardboard Tube 1.3671 1.5865 1.4129 1.3671 1.1839 1.7151
Water Bottle 1.3637 1.4557 1.5147 1.3637 1.5571 1.4726
Ipsilesional
Cardboard Tube 1.2584 1.4207 1.2596 1.2584 1.2304 1.3036





Cardboard Tube -0.1296 -0.2884 -0.1590 -0.1296 0.0137 -0.3696
Water Bottle -0.0510 -0.1850 -0.2351 -0.0510 -0.2769 -0.1677
Ipsilesional
Cardboard Tube -0.0375 -0.1382 -0.0406 -0.0375 -0.0230 -0.0614
Water Bottle -0.0574 -0.1572 -0.0971 -0.0574 -0.0436 -0.0583
Maximum Amplitude
Contralesional
Cardboard Tube 0.0043 0.0045 0.0051 0.0043 0.0054 0.0058
Water Bottle 0.0041 0.0043 0.0048 0.0041 0.0050 0.0056
Ipsilesional
Cardboard Tube 0.0112 0.0123 0.0129 0.0112 0.0129 0.0134
Water Bottle 0.0100 0.0106 0.0118 0.0100 0.0134 0.0128
Mean Amplitude
Contralesional
Cardboard Tube 0.0028 0.0027 0.0027 0.0028 0.0029 0.0031
Water Bottle 0.0026 0.0026 0.0026 0.0026 0.0028 0.0029
Ipsilesional
Cardboard Tube 0.0054 0.0054 0.0057 0.0054 0.0061 0.0061
Water Bottle 0.0051 0.0049 0.0051 0.0051 0.0061 0.0060
127










Cardboard Tube 0.0764 0.0379 0.0164 0.0764 0.0227 0.0344
Water Bottle 0.0374 0.0355 0.0316 0.0374 0.0201 0.0291
Ipsilesional
Cardboard Tube 0.0167 0.0145 0.0167 0.0167 0.0178 0.0088
Water Bottle 0.0220 0.0092 0.0070 0.0220 0.0062 0.0172
Ratio
Total Muscle Activation Total/
Total Movement Duration
Contralesional
Cardboard Tube 1.3015 1.5539 0.9133 1.3015 1.1669 1.7124
Water Bottle 1.2237 1.4548 1.3209 1.2237 1.5427 1.4637
Ipsilesional
Cardboard Tube 1.2530 1.3107 1.2519 1.2530 1.2276 1.2904





Cardboard Tube -0.0810 -0.2680 -0.1886 -0.0810 0.0227 -0.3662
Water Bottle -0.0438 -0.1842 -0.2358 -0.0438 -0.2909 -0.1584
Ipsilesional
Cardboard Tube -0.0319 -0.1317 -0.0329 -0.0319 -0.0188 -0.0616
Water Bottle -0.0441 -0.1617 -0.1038 -0.0441 -0.0455 -0.0523
Maximum Amplitude
Contralesional
Cardboard Tube 0.0087 0.0078 0.0077 0.0087 0.0112 0.0091
Water Bottle 0.0100 0.0081 0.0080 0.0100 0.0108 0.0088
Ipsilesional
Cardboard Tube 0.0698 0.0559 0.0455 0.0698 0.0676 0.0476
Water Bottle 0.0667 0.0563 0.0534 0.0667 0.0744 0.0619
Mean Amplitude
Contralesional
Cardboard Tube 0.0050 0.0042 0.0042 0.0050 0.0048 0.0045
Water Bottle 0.0047 0.0042 0.0043 0.0047 0.0046 0.0044
Ipsilesional
Cardboard Tube 0.0220 0.0180 0.0161 0.0220 0.0215 0.0173










Cardboard Tube 0.0477 0.0175 0.0166 0.0477 0.0158 0.0190
Water Bottle 0.0369 0.0355 0.0359 0.0369 0.0392 0.0198
Ipsilesional
Cardboard Tube 0.0090 0.0182 0.0166 0.0090 0.0171 0.0179
Water Bottle 0.0207 0.0130 0.0197 0.0207 0.0062 0.0206
Ratio
Total Muscle Activation Total/
Total Movement Duration
Contralesional
Cardboard Tube 1.3569 1.5689 1.4552 1.3569 1.1925 1.7493
Water Bottle 1.3684 1.4619 1.5244 1.3684 1.5741 1.4808
Ipsilesional
Cardboard Tube 1.2607 1.3972 1.2418 1.2607 1.2161 1.2441





Cardboard Tube -0.1097 -0.2884 -0.1885 -0.1097 0.0157 -0.3815
Water Bottle -0.0444 -0.1842 -0.2314 -0.0444 -0.2717 -0.1677
Ipsilesional
Cardboard Tube -0.0397 -0.1280 -0.0331 -0.0397 -0.0194 -0.0524
Water Bottle -0.0454 -0.1579 -0.0911 -0.0454 -0.0455 -0.0490
Maximum Amplitude
Contralesional
Cardboard Tube 0.0184 0.0151 0.0245 0.0184 0.0169 0.0251
Water Bottle 0.0149 0.0197 0.0180 0.0149 0.0181 0.0210
Ipsilesional
Cardboard Tube 0.0494 0.0215 0.0261 0.0494 0.0296 0.0296
Water Bottle 0.0290 0.0212 0.0265 0.0290 0.0375 0.0323
Mean Amplitude
Contralesional
Cardboard Tube 0.0093 0.0079 0.0088 0.0093 0.0077 0.0116
Water Bottle 0.0075 0.0071 0.0083 0.0075 0.0079 0.0091
Ipsilesional
Cardboard Tube 0.0127 0.0099 0.0120 0.0127 0.0114 0.0149
Water Bottle 0.0105 0.0092 0.0101 0.0105 0.0123 0.0120










Cardboard Tube 0.0492 0.0382 0.0462 0.0492 0.0232 0.0350
Water Bottle 0.0377 0.0360 0.0367 0.0377 0.0407 0.0297
Ipsilesional
Cardboard Tube 0.0166 0.0184 0.0178 0.0166 0.0175 0.0126
Water Bottle 0.0223 0.0133 0.0200 0.0223 0.0062 0.0217
Ratio
Total Muscle Activation Total/
Total Movement Duration
Contralesional
Cardboard Tube 1.3311 1.3523 1.4059 1.3311 1.1666 1.7120
Water Bottle 1.3556 1.4549 1.5212 1.3556 1.5301 1.4632
Ipsilesional
Cardboard Tube 1.2531 1.3973 1.2508 1.2531 1.2158 1.2520





Cardboard Tube -0.1082 -0.2677 -0.1588 -0.1082 0.0231 -0.3655
Water Bottle -0.0436 -0.1837 -0.2306 -0.0436 -0.2702 -0.1578
Ipsilesional
Cardboard Tube -0.0321 -0.1278 -0.0318 -0.0321 -0.0190 -0.0577
Water Bottle -0.0439 -0.1576 -0.0908 -0.0439 -0.0455 -0.0478
Maximum Amplitude
Contralesional
Cardboard Tube 0.0103 0.0124 0.0110 0.0103 0.0103 0.0115
Water Bottle 0.0110 0.0116 0.0129 0.0110 0.0109 0.0108
Ipsilesional
Cardboard Tube 0.0162 0.0258 0.0277 0.0162 0.0257 0.0391
Water Bottle 0.0215 0.0275 0.0337 0.0215 0.0346 0.0345
Mean Amplitude
Contralesional
Cardboard Tube 0.0044 0.0059 0.0059 0.0044 0.0048 0.0060
Water Bottle 0.0052 0.0053 0.0050 0.0052 0.0049 0.0048
Ipsilesional
Cardboard Tube 0.0072 0.0072 0.0087 0.0072 0.0087 0.0110










Cardboard Tube 0.0785 0.0388 0.0479 0.0785 0.0157 0.0240
Water Bottle 0.0378 0.0360 0.0209 0.0378 0.0404 0.0299
Ipsilesional
Cardboard Tube 0.0140 0.0074 0.0131 0.0140 0.0070 0.0148
Water Bottle 0.0111 0.0132 0.0091 0.0111 0.0353 0.0072
Ratio
Total Muscle Activation Total/
Total Movement Duration
Contralesional
Cardboard Tube 1.2965 1.5680 1.4101 1.2965 1.1788 1.7443
Water Bottle 1.3332 1.4563 1.5344 1.3332 1.5474 1.4629
Ipsilesional
Cardboard Tube 1.2502 1.4021 1.1944 1.2502 1.2369 1.3078





Cardboard Tube -0.0789 -0.2671 -0.1571 -0.0789 0.0157 -0.3765
Water Bottle -0.0435 -0.1837 -0.2465 -0.0435 -0.2706 -0.1576
Ipsilesional
Cardboard Tube -0.0347 -0.1387 -0.0366 -0.0347 -0.0295 -0.0556
Water Bottle -0.0551 -0.1577 -0.1016 -0.0551 -0.0165 -0.0624
Maximum Amplitude
Contralesional
Cardboard Tube 0.0323 0.0393 0.0516 0.0323 0.0430 0.0569
Water Bottle 0.0320 0.0405 0.0574 0.0320 0.0392 0.0550
Ipsilesional
Cardboard Tube 0.0657 0.0837 0.0828 0.0657 0.0784 0.0860
Water Bottle 0.0617 0.0724 0.0802 0.0617 0.0801 0.0801
Mean Amplitude
Contralesional
Cardboard Tube 0.0087 0.0103 0.0145 0.0087 0.0122 0.0142
Water Bottle 0.0078 0.0094 0.0129 0.0078 0.0111 0.0134
Ipsilesional
Cardboard Tube 0.0242 0.0285 0.0326 0.0242 0.0306 0.0322
Water Bottle 0.0218 0.0263 0.0280 0.0218 0.0320 0.0319










Cardboard Tube 0.0330 0.0271 0.0464 0.0330 0.0150 0.0304
Water Bottle 0.0375 0.0363 0.0280 0.0375 0.0212 0.0232
Ipsilesional
Cardboard Tube 0.0067 0.0067 0.0071 0.0067 0.0078 0.0065
Water Bottle 0.0080 0.0080 0.0101 0.0080 0.0079 0.0137
Ratio
Total Muscle Activation Total/
Total Movement Duration
Contralesional
Cardboard Tube 1.3849 1.5917 1.4124 1.3849 1.1964 1.7359
Water Bottle 1.3853 1.4556 1.5004 1.3853 1.5602 1.4696
Ipsilesional
Cardboard Tube 1.2630 1.4235 1.2528 1.2630 1.1681 1.3161





Cardboard Tube -0.1245 -0.2788 -0.1587 -0.1245 0.0150 -0.3701
Water Bottle -0.0438 -0.1834 -0.2393 -0.0438 -0.2897 -0.1644
Ipsilesional
Cardboard Tube -0.0420 -0.1394 -0.0425 -0.0420 -0.0287 -0.0639
Water Bottle -0.0581 -0.1629 -0.1007 -0.0581 -0.0439 -0.0558
Maximum Amplitude
Contralesional
Cardboard Tube 0.0666 0.0813 0.1074 0.0666 0.1129 0.1855
Water Bottle 0.0651 0.0723 0.1056 0.0651 0.1110 0.1463
Ipsilesional
Cardboard Tube 0.0404 0.0478 0.0489 0.0404 0.0499 0.0489
Water Bottle 0.0377 0.0467 0.0462 0.0377 0.0472 0.0476
Mean Amplitude
Contralesional
Cardboard Tube 0.0145 0.0182 0.0245 0.0145 0.0267 0.0349
Water Bottle 0.0116 0.0148 0.0197 0.0116 0.0240 0.0298
Ipsilesional
Cardboard Tube 0.0158 0.0175 0.0192 0.0158 0.0190 0.0194










Cardboard Tube 0.0488 0.0490 0.0673 0.0488 0.0230 0.0229
Water Bottle 0.0376 0.0357 0.0365 0.0376 0.0405 0.0292
Ipsilesional
Cardboard Tube 0.0143 0.0094 0.0173 0.0143 0.0173 0.0986
Water Bottle 0.0148 0.0134 0.0201 0.0148 0.0062 0.0215
Ratio
Total Muscle Activation Total/
Total Movement Duration
Contralesional
Cardboard Tube 1.3312 1.4176 1.2159 1.1331 1.1666 1.7233
Water Bottle 1.3554 1.4585 1.5212 1.3554 1.5305 1.4636
Ipsilesional
Cardboard Tube 1.2554 1.4186 1.2512 1.2554 1.2320 1.3024





Cardboard Tube -0.1086 -0.2570 -0.1377 -0.1086 0.0230 -0.3776
Water Bottle -0.0437 -0.1840 -0.2308 -0.0437 -0.2705 -0.1583
Ipsilesional
Cardboard Tube -0.0343 -0.1368 -0.0324 -0.0343 -0.0192 -0.0605
Water Bottle -0.0514 -0.1575 -0.0907 -0.0514 -0.0455 -0.0481
Maximum Amplitude
Contralesional
Cardboard Tube 0.1710 0.1729 0.1668 0.1710 0.1996 0.1977
Water Bottle 0.1684 0.1715 0.1484 0.1684 0.1879 0.1913
Ipsilesional
Cardboard Tube 0.0974 0.1002 0.1016 0.0941 0.0996 0.1036
Water Bottle 0.0922 0.0810 0.9658 0.0922 0.1001 0.1001
Mean Amplitude
Contralesional
Cardboard Tube 0.0390 0.0398 0.0369 0.0390 0.0466 0.0451
Water Bottle 0.0033 0.0312 0.0280 0.0328 0.0416 0.0413
Ipsilesional
Cardboard Tube 0.0333 0.0318 0.0312 0.0333 0.0362 0.0356
Water Bottle 0.0281 0.0264 0.0259 0.0281 0.0370 0.0319










Cardboard Tube 0.0594 0.0384 0.0267 0.0594 0.0424 0.0231
Water Bottle 0.0590 0.0523 0.0370 0.0590 0.0214 0.0298
Ipsilesional
Cardboard Tube 0.0093 0.0082 0.0122 0.0093 0.0069 0.0117
Water Bottle 0.0114 0.0077 0.0090 0.0114 0.0064 0.0123
Ratio
Total Muscle Activation Total/
Total Movement Duration
Contralesional
Cardboard Tube 1.2578 1.5003 1.4451 1.2578 1.0083 1.6133
Water Bottle 1.2723 1.3345 1.3896 1.2723 1.4276 1.4718
Ipsilesional
Cardboard Tube 1.2604 1.4221 1.2193 1.2604 1.2424 1.2575





Cardboard Tube -0.0980 -0.2675 -0.1783 -0.0980 0.0424 -0.3774
Water Bottle -0.0223 -0.1674 -0.2303 -0.0223 -0.2896 -0.1577
Ipsilesional
Cardboard Tube -0.0393 -0.1380 -0.0374 -0.0393 -0.0296 -0.0586
Water Bottle -0.0547 -0.1632 -0.1017 -0.0547 -0.0454 -0.0572
Maximum Amplitude
Contralesional
Cardboard Tube 0.0282 0.0432 0.0610 0.0282 0.0615 0.1055
Water Bottle 0.0246 0.0365 0.0663 0.0246 0.0550 0.0802
Ipsilesional
Cardboard Tube 0.0176 0.0231 0.0252 0.0176 0.0349 0.0340
Water Bottle 0.0184 0.0216 0.0245 0.0184 0.0283 0.0365
Mean Amplitude
Contralesional
Cardboard Tube 0.0076 0.0095 0.0144 0.0076 0.0140 0.0191
Water Bottle 0.0058 0.0083 0.0118 0.0058 0.0123 0.0162
Ipsilesional
Cardboard Tube 0.0071 0.0085 0.0099 0.0071 0.0101 0.0110
Water Bottle 0.0067 0.0078 0.0087 0.0067 0.0104 0.0104
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Cardboard Tube 0.3333 0.1506 0.1400 0.3333 0.1490 0.1450
Water Bottle 0.1537 0.1618 0.1530 0.1540 0.1501 0.14244
Ipsilesional
Cardboard Tube 0.1623 0.1642 0.1466 0.1623 0.1529 0.1390
Water Bottle 0.1382 0.1597 0.0137 0.1382 0.1446 0.1376
Ratio
Total Muscle Activation Total/
Total Movement Duration
Contralesional
Cardboard Tube 12.3953 9.6382 9.6600 12.395 9.6298 9.6561
Water Bottle 1.3637 1.4557 1.5147 1.3637 1.5571 1.4726
Ipsilesional
Cardboard Tube 9.6053 9.6339 9.6435 9.6053 9.6171 9.669





Cardboard Tube 0.0261 0.1502 0.1396 0.0261 0.1485 0.1444
Water Bottle -0.0510 -0.1850 -0.2351 -0.0510 -0.2769 -0.1677
Ipsilesional
Cardboard Tube 0.1618 0.1638 0.1462 0.1618 0.1522 0.1386
Water Bottle -0.0574 -0.1572 -0.0971 -0.0574 -0.0436 -0.0583
Maximum Amplitude
Contralesional
Cardboard Tube 0.0025 0.0025 0.0026 0.0025 0.0049 0.0071
Water Bottle 0.0053 0.0028 0.0058 0.0053 0.0065 0.0057
Ipsilesional
Cardboard Tube 0.0081 0.0062 0.0055 0.0081 0.0054 0.0053
Water Bottle 0.0064 0.0080 0.0058 0.0064 0.0064 0.0048
Mean Amplitude
Contralesional
Cardboard Tube 0.0027 0.0019 0.0019 0.0019 0.0024 0.0026
Water Bottle 0.0025 0.0021 0.0058 0.0053 0.0065 0.0057
Ipsilesional
Cardboard Tube 0.0023 0.0030 0.0031 0.0028 0.0026 0.0029
Water Bottle 0.0028 0.0030 0.0058 0.0064 0.0064 0.0048
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Cardboard Tube 0.3333 0.1506 0.1400 0.3333 0.1489 0.1448
Water Bottle 0.1537 0.1618 0.1529 0.1537 0.1501 0.1424
Ipsilesional
Cardboard Tube 0.1623 0.1642 0.1466 0.1623 0.1526 0.1390
Water Bottle 0.1382 0.1597 0.1374 0.1382 0.1446 0.1376
Ratio
Total Muscle Activation Total/
Total Movement Duration
Contralesional
Cardboard Tube 12.3949 9.6382 9.6600 12.3949 9.6298 9.6561
Water Bottle 1.2237 1.4548 1.3209 1.2237 1.5427 1.4637
Ipsilesional
Cardboard Tube 9.6053 9.6339 9.6435 9.6053 9.6171 9.6691





Cardboard Tube 0.0261 0.1502 0.1397 0.0261 0.1485 0.1444
Water Bottle -0.0438 -0.1842 -0.2358 -0.0438 -0.2909 -0.1584
Ipsilesional
Cardboard Tube 0.1618 0.1638 0.1462 0.1618 0.1522 0.1386
Water Bottle -0.0441 -0.1617 -0.1038 -0.0441 -0.0455 -0.0523
Maximum Amplitude
Contralesional
Cardboard Tube 0.0047 0.0052 0.0058 0.0047 0.0056 0.0051
Water Bottle 0.0049 0.0065 0.0060 0.0049 0.0056 0.0055
Ipsilesional
Cardboard Tube 0.0035 0.0033 0.0034 0.0035 0.0034 0.0037
Water Bottle 0.0035 0.0033 0.0033 0.0035 0.0035 0.0036
Mean Amplitude
Contralesional
Cardboard Tube 0.0025 0.0028 0.0030 0.0029 0.0030 0.0028
Water Bottle 0.0024 0.0031 0.0060 0.0049 0.0056 0.0055
Ipsilesional
Cardboard Tube 0.0022 0.0021 0.0022 0.0022 0.0022 0.0024










Cardboard Tube 0.3333 0.1506 0.1400 0.3333 0.1489 0.1448
Water Bottle 0.1537 0.1618 0.1529 0.1537 0.1501 0.1424
Ipsilesional
Cardboard Tube 0.1623 0.1642 0.1466 0.1623 0.1526 0.1390
Water Bottle 0.1382 0.1597 0.1374 0.1382 0.1446 0.1376
Ratio
Total Muscle Activation Total/
Total Movement Duration
Contralesional
Cardboard Tube 12.3949 9.6382 9.6600 12.3953 9.6298 9.6561
Water Bottle 1.3684 1.4619 1.5244 1.3684 1.5741 1.4808
Ipsilesional
Cardboard Tube 9.6053 9.6339 9.6435 9.6053 9.6171 9.6691





Cardboard Tube 0.0261 0.1502 0.1397 0.0261 0.1485 0.1444
Water Bottle -0.0444 -0.1842 -0.2314 -0.0444 -0.2717 -0.1677
Ipsilesional
Cardboard Tube 0.1618 0.1638 0.1462 0.1618 0.1522 0.1386
Water Bottle -0.0454 -0.1579 -0.0911 -0.0454 -0.0455 -0.0490
Maximum Amplitude
Contralesional
Cardboard Tube 0.0045 0.0068 0.0074 0.0045 0.0089 0.0073
Water Bottle 0.0037 0.0041 0.0042 0.0037 0.0107 0.0100
Ipsilesional
Cardboard Tube 0.0135 0.0075 0.0046 0.0135 0.0057 0.0061
Water Bottle 0.0162 0.0074 0.0053 0.0162 0.0102 0.0064
Mean Amplitude
Contralesional
Cardboard Tube 0.0044 0.0029 0.0030 0.0028 0.0034 0.0032
Water Bottle 0.0252 0.0026 0.0042 0.0037 0.0107 0.0100
Ipsilesional
Cardboard Tube 0.0064 0.0041 0.0031 0.0061 0.0034 0.0031
Water Bottle 0.0047 0.0042 0.0053 0.0162 0.0102 0.0064










Cardboard Tube 0.3333 0.1506 0.1400 0.3333 0.1489 0.1448
Water Bottle 0.1537 0.1618 0.1529 0.1537 0.1501 0.1424
Ipsilesional
Cardboard Tube 0.1623 0.1642 0.1466 0.1623 0.1526 0.1390
Water Bottle 0.1382 0.1597 0.1374 0.1382 0.1446 0.1376
Ratio
Total Muscle Activation Total/
Total Movement Duration
Contralesional
Cardboard Tube 12.0912 9.6382 9.6424 12.0912 9.6298 9.6561
Water Bottle 1.3556 1.4549 1.5212 1.3556 1.5301 1.4632
Ipsilesional
Cardboard Tube 9.6053 9.6339 9.6435 9.6053 9.6171 9.6691





Cardboard Tube 0.0261 0.1502 0.1397 0.0261 0.1485 0.1444
Water Bottle -0.0436 -0.1837 -0.0436 -0.2702 -0.2702 -0.1578
Ipsilesional
Cardboard Tube 0.1618 0.1638 0.1462 0.1618 0.1522 0.1386
Water Bottle -0.0439 -0.1576 -0.0908 -0.0439 -0.0455 -0.0478
Maximum Amplitude
Contralesional
Cardboard Tube 0.0077 0.0066 0.0066 0.0077 0.0069 0.0067
Water Bottle 0.0082 0.0066 0.0067 0.0082 0.0070 0.0063
Ipsilesional
Cardboard Tube 0.0061 0.0057 0.0057 0.0061 0.0055 0.0062
Water Bottle 0.0063 0.0056 0.0059 0.0063 0.0056 0.0060
Mean Amplitude
Contralesional
Cardboard Tube 0.0036 0.0035 0.0033 0.0044 0.0034 0.0033
Water Bottle 0.0038 0.0035 0.0067 0.0082 0.0070 0.0063
Ipsilesional
Cardboard Tube 0.0039 0.0031 0.0030 0.0033 0.0031 0.0031










Cardboard Tube 0.3333 0.1506 0.1400 0.3333 0.1489 0.1448
Water Bottle 0.1537 0.1618 0.1529 0.1537 0.1501 0.1424
Ipsilesional
Cardboard Tube 0.1623 0.1642 0.1466 0.1623 0.1526 0.1390
Water Bottle 0.1382 0.1597 0.1374 0.1382 0.1446 0.1376
Ratio
Total Muscle Activation Total/
Total Movement Duration
Contralesional
Cardboard Tube 12.2958 9.6382 9.6600 12.2958 9.6177 9.6561
Water Bottle 1.3332 1.4563 1.5344 1.3332 1.5474 1.4629
Ipsilesional
Cardboard Tube 9.6053 9.6339 9.6435 9.6053 9.6171 9.6691





Cardboard Tube 0.0261 0.1502 0.1397 0.0261 0.1485 0.1444
Water Bottle -0.0435 -0.1837 -0.2465 -0.0435 -0.2706 -0.1576
Ipsilesional
Cardboard Tube 0.1618 0.1638 0.1462 0.1618 0.1522 0.1386
Water Bottle -0.0551 -0.1577 -0.1016 -0.0551 -0.0165 -0.0624
Maximum Amplitude
Contralesional
Cardboard Tube 0.0110 0.0156 0.0248 0.0110 0.0289 0.0416
Water Bottle 0.0131 0.0167 0.0252 0.0131 0.0310 0.0457
Ipsilesional
Cardboard Tube 0.0108 0.0122 0.0185 0.0108 0.0142 0.0317
Water Bottle 0.0105 0.0112 0.0235 0.0105 0.0171 0.0420
Mean Amplitude
Contralesional
Cardboard Tube 0.0042 0.0061 0.0086 0.0056 0.0111 0.0158
Water Bottle 0.0048 0.0072 0.0252 0.0131 0.0310 0.0457
Ipsilesional
Cardboard Tube 0.0053 0.0076 0.0072 0.0050 0.0066 0.0117
Water Bottle 0.0047 0.0051 0.0235 0.0105 0.0171 0.0420










Cardboard Tube 1.0424 0.1506 0.1400 1.0424 0.4686 0.1448
Water Bottle 0.1537 0.5559 0.1529 0.1537 0.1501 0.1424
Ipsilesional
Cardboard Tube 0.1623 0.1642 0.1466 0.1623 0.1526 0.1390
Water Bottle 0.1382 0.1597 0.1374 0.1382 0.1446 0.1376
Ratio
Total Muscle Activation Total/
Total Movement Duration
Contralesional
Cardboard Tube 9.8105 9.6382 9.6600 9.8105 8.3883 9.6561
Water Bottle 1.3853 1.4556 1.5004 1.3853 1.5602 1.4696
Ipsilesional
Cardboard Tube 9.6053 9.6339 9.6435 9.6053 9.6171 9.6691





Cardboard Tube 0.7351 0.1502 0.1397 0.7351 0.4682 0.1444
Water Bottle -0.0438 -0.1834 -0.2393 -0.0438 -0.2897 -0.1644
Ipsilesional
Cardboard Tube 0.1618 0.1638 0.1462 0.1618 0.1522 0.1386
Water Bottle -0.0581 -0.1629 -0.1007 -0.0581 -0.0439 -0.0558
Maximum Amplitude
Contralesional
Cardboard Tube 0.0353 0.0526 0.0727 0.0353 0.0876 0.1081
Water Bottle 0.0382 0.0487 0.0708 0.0382 0.0949 0.1168
Ipsilesional
Cardboard Tube 0.0277 0.0331 0.0417 0.0277 0.0387 0.0619
Water Bottle 0.0300 0.0300 0.0461 0.0300 0.0463 0.0697
Mean Amplitude
Contralesional
Cardboard Tube 0.0133 0.0161 0.0225 0.0159 0.0322 0.0368
Water Bottle 0.0094 0.0175 0.0708 0.0382 0.0949 0.1168
Ipsilesional
Cardboard Tube 0.0104 0.0107 0.0135 0.0108 0.0148 0.0217










Cardboard Tube 0.4008 0.6530 0.1400 0.4008 0.4729 0.1448
Water Bottle 0.1537 0.5763 0.1529 0.1537 0.6372 0.5618
Ipsilesional
Cardboard Tube 0.6493 0.1642 0.1466 0.6493 0.1526 0.1390
Water Bottle 0.1382 0.1597 0.1374 0.1382 0.1446 0.1376
Ratio
Total Muscle Activation Total/
Total Movement Duration
Contralesional
Cardboard Tube 10.6554 8.3068 9.6600 10.6554 8.4046 9.6561
Water Bottle 1.3554 1.4585 1.5212 1.3554 1.5305 1.4636
Ipsilesional
Cardboard Tube 8.3200 9.6339 9.6435 8.3200 9.6171 9.6691





Cardboard Tube 0.0935 0.6526 0.1397 0.0935 0.4725 0.1444
Water Bottle -0.0437 -0.1840 -0.2308 -0.0437 -0.2705 -0.1583
Ipsilesional
Cardboard Tube 0.6489 0.1638 0.1462 0.6489 0.1522 0.1386
Water Bottle -0.0514 -0.1575 -0.0907 -0.0514 -0.0455 -0.0481
Maximum Amplitude
Contralesional
Cardboard Tube 0.1260 0.1159 0.1005 0.1260 0.1231 0.1060
Water Bottle 0.1369 0.1185 0.0957 0.1369 0.1420 0.1194
Ipsilesional
Cardboard Tube 0.0967 0.0959 0.1040 0.0967 0.1204 0.1190
Water Bottle 0.1060 0.1020 0.1079 0.1060 0.1401 0.1264
Mean Amplitude
Contralesional
Cardboard Tube 0.0391 0.0408 0.0338 0.0622 0.0448 0.0393
Water Bottle 0.0420 0.0444 0.0957 0.1369 0.1420 0.1194
Ipsilesional
Cardboard Tube 0.0491 0.0310 0.0344 0.0360 0.0401 0.0393
Water Bottle 0.0362 0.0343 0.1079 0.1060 0.1401 0.1264










Cardboard Tube 0.3333 0.1506 0.1400 0.3333 0.1489 0.1448
Water Bottle 0.1537 0.1618 0.1529 0.1537 0.1501 0.1424
Ipsilesional
Cardboard Tube 0.1623 0.1642 0.1466 0.1623 0.1526 0.1390
Water Bottle 0.1382 0.1597 0.1374 0.1382 0.3899 0.1376
Ratio
Total Muscle Activation Total/
Total Movement Duration
Contralesional
Cardboard Tube 12.3953 9.6382 9.6600 12.3953 9.6298 9.6561
Water Bottle 1.2723 1.3345 1.3896 1.2723 1.4276 1.4718
Ipsilesional
Cardboard Tube 9.6053 9.6339 9.6435 9.6053 9.6171 9.6691





Cardboard Tube 0.0261 0.1502 0.1397 0.0261 0.1485 0.1444
Water Bottle -0.0233 -0.1674 -0.2303 -0.0223 -0.2896 -0.1577
Ipsilesional
Cardboard Tube 0.1618 0.1638 0.1462 0.1618 0.1522 0.1386
Water Bottle -0.0547 -0.1632 -0.1017 -0.0547 -0.0454 - 0,0572
Maximum Amplitude
Contralesional
Cardboard Tube 0.0053 0.0070 0.0089 0.0053 0.0136 0.0197
Water Bottle 0.0069 0.0069 0.0094 0.0069 0.0126 0.0152
Ipsilesional
Cardboard Tube 0.0091 0.0090 0.0151 0.0091 0.0136 0.0256
Water Bottle 0.0083 0.0091 0.0168 0.0083 0.0163 0.0284
Medium Amplitude
Contralesional
Cardboard Tube 0.0038 0.0035 0.0041 0.0035 0.0053 0.0061
Water Bottle 0.0078 0.0039 0.0094 0.0069 0.0126 0.0152
Ipsilesional
Cardboard Tube 0.0040 0.0041 0.0055 0.0042 0.0056 0.0097
Water Bottle 0.0036 0.0040 0.0168 0.0083 0.0163 0.0284
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